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ABSTRACT 
Two experiments were conducted on transition cows to evaluate 1) hepatic 
endocannabinoid system gene expression in response to prepartal plane of nutrition. 2) effects of 
genetic merit on lipid metabolism in adipose tissue.  
For the objective of first experiment, we examined mRNA expression via qPCR of 
endocannabinoid receptors (CNR1, CNR2), enzymes that synthesize FAE (HRASLS5, 
NAPEPLD), enzymes that degrade FAE (FAAH, NAAA, MGLL), and the hormone precursor 
proopiomelanocortin (POMC) in liver at -14, 7, 14, and 30 d around parturition from cows fed a 
control (CON; NEL = 1.34 Mcal/kg) or moderate-energy (OVER; NEL = 1.62 Mcal/kg) diet 
during the dry period. Expression of CNR2 and POMC was greater at 7 d in cows fed OVER due 
to a decrease in expression between -14 and 7 d in cows fed CON. Cows fed CON had an 
increase in expression of FAAH, HRASLS5, NAAA, MGLL, and POMC between 7 and 14 d; for 
FAAH and HRASLS5 such response led to greater expression at 14 d vs. cows fed OVER.  Cows 
fed OVER vs. CON had a ~2-fold increase in expression of MGLL between -14 and 7 d followed 
by a gradual decrease through 30 d at which point expression was still greater in OVER vs. 
CON. Fatty acid amide hydrolase, MGLL, and HRASLS5 were the most abundant genes 
measured. Expression of the hepatic endocannabinoid system and POMC was altered by plane of 
dietary energy prepartum particularly during the first 2 wk postpartum.  
In the second experiment, we measured weekly dry matter intake, milk production, blood 
glucose and NEFA with rate of lipogenesis and lipolysis in adipose tissues of dairy cows differ 
for genetic merit (high genetic merit, HGM; low genetic merit, LGM). Adipose tissue biopsies 
were taken at -21, 7, 28 and 56 d around parturition. The mRNA expression of lipogenic genes; 
enzymes (PCK1, FASN, DGAT2, SCD), transcription regulators (MLXIPL, PPARG, THRSP, 
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WNT10B, SREBF1) and genes involved in lipolysis; classical lipolytic geness (LIPE, PNPLA2, 
MGLL, ADRB2, ADFP, ABHD5), genes controlling lipolysis (INSR, AKT1, PDE3A, PDE3B, 
PRKAA1, PRKAA2, FOXO1, SIRT1), and other proteins (GHR, CAV1, ADIPOQ, TNF1) was 
also measured. Dry matter intake, blood glucose and NEFA were not significantly different in 
both groups. Milk production had the tendency to produce more milk in HGM cows after 6 wks 
of lactation. Rate of lipogenesis and lipolysis was different in both groups. Expression of all 
lipogenic genes almost had similar pattern through transition period. Cows with HGM had lower 
expression of lipogenic genes after parturition. The expression decreased at d 7 after parturition 
which gradually increased to d 28 and substantially lowest at d 56. Interestingly, the expression 
of most of the lipolytic enzymes, receptors and proteins was also similar in both groups and 
subsequently decreased after parturition. The rate of lipogenesis was accompanied with gene 
expression after 1 wk of parturition but rate of lipolysis did not show coordinated pattern with 
gene expression.  
Results indicate that response showed by endocannabinoid system genes in liver may 
play a role in the physiological adaptations to the onset of lactation, including energy balance 
and feed intake. Results from experiment two suggest the control of adipose tissue metabolism at 
transcriptional level although post-translational control of lipolytic genes would be more 
important for lipolysis in adipose tissue. 
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INTRODUCTION 
 Major metabolic changes occur in dairy cows during transition from a non-lactating to a 
lactating state under the stress of parturition. Dairy cows often fail to adapt these metabolic and 
management changes and become susceptible to certain infectious pathologies and metabolic 
disorders. Cows need to sustain body condition and body fat reserves to supply the demand of 
milk production and maintain health status (LeBlanc et al. 2006). Dairy managers can lose a 
huge part of production every year because of metabolic disorders such as metritis, displaced 
abomasum, milk fever, and ketosis (Drackley 1999; Roche et al. 2009).  
Adequate strategies to optimize a balance between feed intake and mobilization of body 
fat can improve the production of dairy industry (Drackley 2005). However, several research 
groups, worldwide, are working on transition biology to establish appropriate approaches to 
manage dairy industry. Application of various non-ruminant biological models can be beneficial 
for ruminants; specifically for feed intake and lipid metabolism. The endocannabinoid system 
(ECS) is well-studied in non-ruminants. This system is reported to control feed intake, energy 
balance and other metabolic processes. Components of the ECS include endocannabinoids, 
cannabinoid receptors, enzymes for synthesis and degradation of endocannabinoid molecules 
(Maccarrone 2010). Non-ruminant research models reveal that many endocannabinoids can 
enhance appetite and promote feed intake whereas few endocannabiniod molecules can send 
satiety signal to the brain from peripheral organs to reduce feed intake.  
The energy level of blood in the form of glucose or fatty acids can control the endocrine 
regulation. During transition, lipid depots in the adipose tissue mobilize to release NEFA into the 
blood under the control of stress hormones (Drackley 2005). Increased level of lipolysis 
2 
 
promotes NEFA concentration in blood and tends to reduce feed intake. The genetic merit of a 
dairy cow determines the balance of lipolysis and lipogenesis in adipose tissue as high genetic 
merit cows can accommodate the onset of lactation efficiently (McNamara 1994).  
The objectives of these studies were 1) to evaluate the hepatic endocannabinoid system 
and its function in response to prepartal plane of nutrition, and 2) the effects of genetic merit on 
lipid metabolism in adipose tissue at genomic level.    
 
 
 
 
 
 
 
 
 
 
 
 
3 
 
CHAPTER I 
LITERATURE REVIEW 
 
Transition period 
The phase of transition from non-lactation to the start of lactation in dairy cows is called 
the transition period (Drackley 1999). This period can range from three weeks before to three 
weeks after parturition (Mulligan and Doherty 2008). The success of transition period ensures 
lactation profit, however, almost one half of the dairy cows encounter at least one adverse health 
problem during the transition period (Drackley 2005).  
The requirement of nutrients increases during the transition period to sustain fetal growth 
and onset of milk synthesis (Grummer 1995). However, dry matter intake (DMI) usually reduces 
one week before parturition but gradually increases to three weeks postpartum (Bertics et al. 
1992). To accommodate parturition and lactogenesis, dairy cows experience extensive hormonal 
and metabolic changes. The greater nutrient demand, the severe variations in endocrine status, 
and the reduction in DMI during late pregnancy affect metabolism, specifically the lipid 
metabolism (Grummer 1995). To attain the required balance for onset of lactation; liver, adipose 
tissue, mammary gland, and gut are the major body components that experience more drastic 
changes (Drackley 1999). Feeding strategy for dairy cows during transition period is the most 
crucial part of dairy industry where better management practices can decline the incidence of 
diseases.  
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Feeding strategies for dairy cows 
The National Research Council (NRC 2001) recommended a diet providing 1.25 Mcal/kg 
of NEL for the first 6 weeks of the dry period (far-off), and a diet providing 1.54 to 1.62 Mcal/kg 
of NEL for the last 3 weeks (close-up) before parturition. Two-group feeding approach for dry 
cows inhibits overconsumption of feed during the far-off part of the dry period and benefits 
metabolic adaptation during the close-up period (Overton and Waldron 2004).  However, high 
starch diet in the far-off part of the dry period did not reduce body fat mobilization postpartum or 
promote DMI (Friggens et al. 2004).  
Effects of prepartum dietary energy 
Prepartum fed energy may play a determining role in the success of transition period 
(Drackley 1999). The convention strategy of feeding dairy cows at dry-off includes high forage 
rations with higher fiber than lactation diet which affects the bacterial population, the size, and 
absorptive capacity of rumen papillae (Goff and Horst 1997). Although this feeding strategy is 
commonly used, but there are evidences that dairy cows can easily consume more energy than 
required during these time periods (Dann et al. 2006; Douglas et al. 2006; Janovick and Drackley 
2010). Research on dairy cattle has been demonstrating whether dry period energy consumption 
may help in a successful transition of dairy cows (Douglas et al. 2006; Janovick and Drackley 
2010). High fiber rations (low energy) can improve DMI after calving and inhibits extreme 
lipolysis in adipose tissue (Douglas et al. 2006). Feeding low energy-high fiber rations, 
miscellaneous benefits were also observed including decline in the incidence of displaced 
abomasum, improved body condition, reproductive success, and foot health (Janovick and 
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Drackley 2010). The potential reason of decline in the incidence of displaced abomasum might 
be a greater rumen fill that is maintained for longer periods helping to regulate feed intake.  
Extensive research, at Animal Science Laboratory (ASL) UIUC, has found that far-off 
dry period feeding strategy may be more vital than during the close-up period. Particularly, 
overfeeding during the far-off period had greater negative effects than close-up period on the 
metabolism of transition cows. Controlled energy during the far-off dry period improved cow 
health, increased post-calving DMI, and enhanced lactational performance (Dann et al. 2006). 
Janovick and Drackley (2010) fed a controlled-energy high-fiber diet to one group of dairy cows 
and a moderate-energy diet to other group throughout the dry period. They observed smaller 
decrease in DMI by cows with controlled-energy diet than moderate-energy before parturition 
and less hepatic lipid accumulation with lower concentrations of BHBA in the blood (Janovick et 
al. 2011).  
Overfed (high) energy prepartum diet leads to lower postpartum DMI and severe 
metabolic burden (Drackley 2005). Conversely, cows with restricted energy intake prepartum 
maintained DMI and NEL as parturition approached and had higher DM and NEL intakes the 
first 21 DIM (Douglas et al. 2006). Agenäs et al., (2003) showed that cows fed a high energy diet 
for two months prepartum did not increase DMI during the first week postpartum. Also, cows 
fed lower energy diets during the same time increased DMI one week after calving and the cows 
on the lowest energy diet were the first to reach positive energy balance. Litherland et al. (2011) 
also found a greater rate of hepatic fatty acid esterification but lower rate of β-oxidation in cows 
overfed with energy prepartum compared with cows that were energy-restricted to ~80% of 
requirement.  However, other studies reported the positive effects of feeding higher energy 
prepartum.  Curtis et al. (1985) observed reduced periparturient disorders while feeding higher 
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than recommended energy in the last three weeks before calving. Similarly, Vandehaar et al. 
(1999) reported that cows fed higher energy prepartum consumed more NEL and gained more 
body condition and body weight with few postpartum metabolic disorders. So, more advanced 
research is required to compare a low energy, high fiber or high energy, low fiber diet fed 
throughout the entire lactation to the traditional “two-group” feeding approach. 
Moreover, social behavior also determines the feed intake (Overton and Waldron 2004) 
so regular inspection of herds can be beneficial at dairy farms. High dietary fibers promote 
rumen fill to control voluntary intake (Dado and Allen 1995) and can also decrease digestibility 
in rumen to maintain its fill, function, and health (Allen et al. 2009). The most important thing is 
the effective fiber; percentage of NDF in the feed that needs physical processing for chewing 
activity (Mertens 1997). Hence, controlled energy with high fiber diet should be balanced to 
provide appropriate minerals, vitamins, and, metabolizable proteins without providing excessive 
energy.  
Energy balance in the transition cow 
Animals try to maintain energy balance on the expense of available energy in the diet and 
tissue reserves (Baile and Forbes 1974). Around parturition in dairy cows, marked decrease in 
DMI restricts the consumption of dietary energy, which can affect the body energy balance 
(Bertics et al. 1992). In addition to reduced DMI, the increased requirement of nutrients for milk 
production also affects energy balance status (Grummer 1995). Dairy cows need sufficient 
nutrients for synthesis of protein, lactose, and, TGs in mammary glands (Bell et al. 1995). 
Enormous mammary requirements for glucose and lactose synthesis increases but only two third 
of mammary glucose uptake is provided by dietary glucose. The one third of the requirement 
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must be supplied from glycerol of mobilized body fat and amino acids of muscle and other body 
proteins (Bell et al. 1995).  
Consequently, effects of lower DMI and greater demand of nutrients for milk synthesis 
result in a negative energy balance (NEB). To fulfill the energy demand, mobilization from 
adipose tissue elevates the circulating concentrations of non-esterified fatty acids (NEFA) 
(Drackley et al. 2001). Although negative energy balance is the natural part of the lactation cycle 
but severe negative energy balance can decline the fitness, production and health of lactating 
dairy cows (Koltes and Spurlock 2011) including incidence of metabolic disorders such as 
ketosis and fatty liver (Drackley 1999). Collard et al. (2000) also reported higher digestive and 
locomotive problems correlated with negative energy balance (NEB). 
Dry matter intake 
Dry matter intake (DMI) is the most important variable in nutrients requirement and 
availability of nutrients is a measuring parameter of productive response (Drackley et al. 2006). 
In dairy cows, milk production peaks 5 to 7 weeks but DMI peaks later around 8 to 22 weeks 
postpartum (Ingvartsen and Andersen 2000). Milk production in lactating cows demands for 
glucose at least more than two times of the prepartum requirement (Overton et al. 1998; 
Drackley et al. 2001). However, Bell (1995) has calculated three times increase in the demand 
for glucose, two times for amino acids (AA), and approximately five times for fatty acids 
between thirty four weeks of gestation and one week postpartum. He concluded that demand for 
these increasing nutrients cannot be met by only DMI. The degree of DMI varies around 
parturition but overfed energy cows may have poor appetites postpartum (Holter et al. 1990). 
Also, the variation in DMI can promote body lipid mobilization at calving. Negative energy 
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balance (NEB) causes mobilization of fats to provide the energy required for milk production 
(Goff 2006) and milk synthesis is positively depends on eating rate. In addition, transition cows 
must establish their milking herd region for maximum DMI because social behavior also 
modifies DMI (Dickson et al. 1970).  
The extra energy fed prepartum can lead to severe metabolic burden in liver of transition 
cow postpartum (Vandehaar et al. 1999). Overfed cows are more limited in the ability to clear 
hepatic NEFA than controlled-fed cows (Goff and Horst 1997). Extreme variation in body 
condition score (BCS) is not favorable during the dry period.   
Importance of liver 
To reach the required energy for production, lipid metabolism plays the most important 
metabolic role in transition cows. The release of NEFA from adipose tissue into the bloodstream 
increases in the result of adipose lipolysis around parturition (Drackley 2005). Serum NEFA 
concentrations can be an essential indicator of energy status of an animal.  From the 
bloodstream, NEFA can be utilized as an energy source by other tissues (Drackley 1999) but the 
liver is the most important site for removal of NEFA (Bell 1979). In the liver, NEFA can be 
converted into acyl-CoA by the activity of acyl-CoA synthetase (ACS), then carnitine acyl 
transferase (CPT) transports acyl-CoA into the mitochondria matrix where β-oxidation occurs 
(Zammit 1984). The end product of β-oxidation, acetyl CoA, can be oxidized for energy in citric 
acid (TCA) cycle. β-oxidation of long chain fatty acids (LCFA) also occurs in hepatic 
peroxisomes that may provide an oxidative pathway to utilize excess uptake of NEFA around 
parturition (Drackley et al. 2001; Douglas et al. 2006). Parallel β-oxidation in mitochondria and 
peroxisome might have reduced hepatic accumulation of TG in cows restricted fed during the dry 
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period (Douglas et al. 2006). In the meantime, synthesis of ketone bodies (acetoacetate, β-
hydroxybutyrate and acetone) may occur if the oxidation capacity of acetyl CoA decreases due to 
reduced capacity of TCA metabolites (Drackley 1999). Ketone bodies can be released into blood 
from liver (Bell 1979) and used as an alternate water-soluble fuel source by many tissues (e.g., 
heart and skeletal muscle) when glucose is limited. However, if the rate of lipid mobilization 
exceeds the rate of ketone body utilization, then ketones accumulate and may adversely affect 
the health and productivity of the cow (Ingvartsen and Andersen 2000). The greater than normal 
level of ketone bodies in the blood may cause ketosis.    
Non-esterified fatty acids (NEFA) can be esterified and exported from the liver as TGs 
within very low density lipoproteins (VLDL) to other tissues such as the mammary gland, where 
the fatty acids are incorporated into milk fat TG (Smith et al. 1997). If the rate of esterification 
exceeds the rate of TG export from liver then metabolic disorder of fatty liver can occur 
(Drackley 1999). Morrow (1976) reported that if NEB increases then the ability of the hepatic 
cells to utilize NEFA and secrete triglycerides decreases in transition dairy cows. Therefore, TGs 
can build up in the liver, decreasing liver function and eventually causing liver lipidosis 
(Drackley 1999) The severe lipid infiltration in the liver of dairy cows is susceptible to other 
pathologies (Herdt 1988).  
Importance of adipose tissue 
Adipose tissue is a highly active and adaptable organ in mammals. It can store energy 
dense TGs in periods of high nutritional abundance to provide energy during the period of 
restricted nutrient supply (McNamara and Hillers 1989; Vernon and Pond 1997). In early 
pregnancy, mammals can store energy in body fat even when energy intake is moderately 
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restricted. It can be used during late pregnancy to support fetal growth and then initiation of 
lactation (Remmers and Delemarre-van de Waal 2011). The stored body fats can be utilized as 
energy source by different organs and to provide FAs and glycerol for milk fat and lactose 
synthesis in mammary glands (Roche et al. 2009). This trend of adipose tissue is present in all 
mammals but has been finely developed through selection in domesticated mammals, especially 
the dairy cow. 
The lipid metabolism in white adipose tissue includes lipogenesis, lipolysis, and β-
oxidation of fatty acids. During the transition period, lipolysis increases and stays elevated 
throughout lactation whereas lipogenesis decreases greatly during early lactation and increases 
during mid- lactation (McNamara and Hillers 1986; Doris et al. 1996).  Lipolysis and β-
oxidation increases during nutrient deprivation to utilize fat stores as energy source. Lipolysis is 
the breakdown of triglycerides into free fatty acids and glycerol.  Free fatty acids are oxidized to 
CO2 in β-oxidation for energy and glycerol is recycled to synthesize more TGs or phospholipids 
to maintain the lipid membrane (Prentki and Madiraju 2008).  The primary purpose of lipolysis 
in transition cows is to provide fatty acids for milk fat synthesis and energy (McNamara and 
Hillers 1986).  Furthermore, glycerol released from adipose tissue can provide glucose for 
lactose synthesis in mammary glands, possibly as much as 15% of the total (Hanigan et al. 
2002). 
The regulation of lipolysis was investigated in great detail during the 1960s and 1970s, 
when researchers such as Mulder and Metz (1971), Yang and Baldwin (1973), and Guidicelli et 
al. (1974) started to elucidate the metabolic control of lipolysis. During lactation, NEB causes 
the rate of lipolysis in adipose tissues (Bauman and Vernon 1993).  Hormonally, lipolysis is 
signaled by the catecholamines; epinephrine and norepinephrine that bind to β-adrenergic 
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receptor and activate a G-protein coupled receptor to convert adenyl cyclase to cyclic AMP 
(Davidson and Rotondo 2002).  Cyclic AMP activates protein kinase A (PKA) to phosphorylate 
hormone sensitive lipase (HSL) to its active state (Kraemer and Shen 2002).  In addition, PKA 
phosphorylates the co-factor protein perilipin (PLIN), which allows HSL to access the 
hydrophobic triacylglycerol (TAG) droplet.  Hormone sensitive lipase activates the breakdown 
of TAGs into free fatty acids (Kraemer and Shen 2002).  Free fatty acids are then oxidized 
through β-oxidation in the mitochondria of various organs to CO2 for energy. In dairy cows, this 
catecholamine initiated response is a survival mechanism to provide energy in times of nutrient 
deprivation to synthesize milk (Kaur and Arora 1995). 
Catecholamines can also inhibit the activity of acetyl CoA carboxylase (ACCA) to 
decrease lipogenesis. Whereas, insulin provokes the opposite response of the catecholamines by 
inactivating cyclic AMP and activating acetyl CoA carboxylase to increase lipogenesis (Rutter et 
al. 2003). The role of gene transcription to control lipolysis or lipogenesis has been well 
established.  During transition of dairy cows, lipolysis may be controlled by increased expression 
of mRNA for the β2-adrenergic receptor, HSL, PLIN and ATGL (Sumner and McNamara 2007). 
However, the knowledge on this process is limited and we need to determine more specifically 
the quantitative complex to control of lipolysis.  
Lipogenesis is the process of synthesizing fatty acids and then TGs via Mature adipocytes 
are made up of a lipid droplet primarily of TGs.  During esterification of fatty acids and glycerol, 
homeostasis, a simultaneous flux of lipogenesis and lipolysis occurs because animal body 
constantly breaks down and rebuilds adipose stores. However, during transition period, the need 
of energy increases and lipogenesis decreases (Bauman and Currie 1980).  The major driver of 
lipogenesis is glucose so rate of lipogenesis in relation to rate of lipolysis indicates the effect of 
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NEB. McNamara and Hillers (1986) demonstrated that lipogenesis is highly sensitive to energy 
intake and quickly reduced with decrease in energy. Age of animal, physiological state and 
energy intake affects rates of lipolysis and lipogenesis in adipose tissue (McNamara 1994).  
Acetyl CoA Carboxylase (ACCA) is the first enzyme of lipogenesis to produce malonyl 
coA synthesis which is the substrate for fatty acid synthase (FASN) (Wakil and Abu-Elheiga 
2009). FASN uses malonyl-CoA to initiate a series of elongation reaction leading to the 
formation of palmitic acid (Vernon 1980). Several enzymes and transcription factors (TFs) 
control the synthesis of fatty acids and then esterification into TGs. During transition period, 
lipogenesis may be controlled by decrease in mRNA expression of related enzymes and TFs. 
However, the information about mRNA expression of lipogenic genes in adipose tissue of 
transition cows is limited. 
Genetic merit 
In lactating dairy cows, parity, genetic merit, and management intensity are important to 
get maximum milk yield. The U.S. Holstein population of dairy cows is not a homogenous 
population, genetically or environmentally. So an individual cow within the herd may vary in 
energy requirement to support milk production and maintain normal body function during the 
transition period. Genetic merit plays an important role to control rates of lipogenesis and 
lipolysis, especially during transition (McNamara et al. 1995). For instance, higher genetic merit 
cows can balance rates of lipolysis and lipogenesis efficiently to decrease in energy balance. 
Milk production and feed efficiency are both a function of rate of lipolysis and lipogenesis.  
McNamara (1989) demonstrated that cows, differ in genetic merit but with restricted 
energy prepartum due to increased forage content, showed a decrease in milk production.  
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Interestingly, low genetic merit cows had highest weight gain when fed a high energy diet, 
suggesting that lower genetic merit cows utilize more energy toward weight gain. The cows with 
lower weight gain can suggest that during lactation nutrients are prioritized to the mammary 
gland for milk synthesis before rebuilding body fat reserves.  Genetic merit and energy intake 
can determine the success in transition with high milk yield and milder NEB. In addition, dairy 
cows of higher genetic merit for milk synthesis have lower rates of lipogenesis even at the same 
energy intake. However, lipogenesis is responsive to diet than lipolysis; whereas lipolysis is a 
function of genetic differences (McNamara 1994). 
Role of endocannabinoid system 
Endocannabinoid system is well-studied in non-ruminants and reported to control feed 
intake and energy balance.  Endocannabinoids (ECs) are fatty acid amides (FAA; 
oleoylethanolamide, anandamide) which have orexigenic, anorexigenic, or anti-inflammatory 
properties. These endocannabinoids are the ligands for cannabinoid receptors (CNRs; CNR1, 
CNR2), which were discovered as molecular targets of the Cannabis sativa active molecule ∆9-
tetrahydrocannabinol (Maccarrone et al. 2010). Anandamide (AEA) and 2-AG are synthesized 
on demand by multiple biosynthetic pathways, but the N-acyl-phosphatidylethanolamines 
(NAPE)-hydrolyzing phospholipase D (NAPE-PLD) is the 1st enzyme in the pathway to 
synthesize AEA, palmitoylethanolamine (PEA), and oleoylethanolamine (OEA) (Okamoto et al. 
2009), and diacylglycerol lipase for 2-AG (Bisogno et al. 2003). The degradation of ECs also 
occurs by multiple paths, including fatty acid amide hydrolase (FAAH) (Fezza et al. 2008) and 
monoacylglycerol lipase (MGL) as major hydrolytic enzymes for AEA or 2-AG, respectively 
(Dinh et al. 2002).  
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Endocannabinoids can modulate reproductive processes; regulate cardiovascular and 
immune functions, control appetite, food intake, and energy balance (Maccarrone et al. 2010). 
Cannabinoids receptors express in the central nervous system (CNS) and peripheral tissues; 
including liver, adipose tissue, and skeletal muscle (Matias and Di Marzo 2007). Also, ECs can 
bind to peroxisome proliferator-activated receptors (PPARs) to regulate lipid and glucose 
metabolism (Bensinger and Tontonoz 2008).  
It has been found that feeding suckling piglets with a milk formula lacking arachidonic 
acid (AA; precursor of AEA) reduced the brain AEA and 2-AG concentrations compared to 
piglets consuming sow milk (Berger et al. 2001). In another study, mice were supplemented with 
a pharmacological dose of 0.5 % weight (1 % energy) of AA for 8 weeks, and these mice had a 6 
fold higher brain level of AEA (Maccarrone et al. 2010). Interestingly, brain OEA, AEA, and 2-
AG level was greater by high-fat diets (45 % energy) enriched in olive oil and/or safflower oil 
(Artmann et al. 2008). Fasting can increase levels of 2-AG and AEA in the part of brain involved 
in regulation of food intake, whereas feeding reduces these levels. Higher fat energy in food 
means higher energy intake and it is proposed that the reduction of OEA and PEA due to high 
dietary fat intake may be a mechanism which can lead to overconsumption of food and obesity 
(Hansen et al. 2009).  
In adipose tissue, activation of CNR1 leads to increased adipogenesis either by triggering 
the expression and activity of enzymes for fat accumulation or by stimulating differentiation of 
pre-adipocytes into mature adipocytes (Pagano et al. 2008). In the results, ECs increase fatty acid 
and TGs biosynthesis by promoting lipoprotein lipase (LPL) and fatty acid synthase (FASN) 
activity along both basal and insulin-stimulated glucose uptake. They can also inhibit lipolysis 
and fatty acids oxidation by inhibiting adenylyl cyclase and AMPK activity (Maccarrone et al. 
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2010). Similar action was also observed in hepatocytes, where CNR activation results to promote 
steroid regulatory element-binding protein 1c transcription factor (SREBP1c), which in turn 
regulates the expression of acetyl-CoA-carboxylase 1 (ACCA1) and fatty acid synthase (FASN) 
(Osei-Hyiaman et al. 2005). 
As discussed above, overfed energy fed prepartum can lead to greater rate of fatty acid 
esterification but lower rate of fatty acid β-oxidation in liver of transition cows after calving 
(Litherland et al. 2011). Loor et al. (2005) observed a gradual increase in hepatic expression of 
PPARα in transition cows after parturition, which seems to constitute one of the mechanisms 
regulating β-oxidation and hepatic ATP/ADP ratio as well as ketogenesis (Loor 2010). Allen et 
al. (2009) proposed that feed intake in dairy cows is controlled by signals carried from the liver 
to the brain via afferents in vagus nerve and these signals are affected by hepatic oxidation. No 
literature is available on bovine endocannabinoid system but the potential role of ECS in hepatic 
tissue of non-ruminants is evident (Kunos et al. 2008). So, it could be possible that this system 
also operates in bovine, particularly after parturition when the rates of hepatic fatty acid 
oxidation and ketogenesis increase substantially.  
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CHAPTER II 
ENDOCANNABINOID SYSTEM AND PROOPIOMELANOCORTIN GENE 
EXPRESSION IN PERIPARTAL BOVINE LIVER IN RESPONSE TO PREPARTAL 
PLANE OF NUTRITION 
 
INTRODUCTION 
The endocannabinoid system (ECS) has been well-studied in non-ruminants. Components 
of the ECS include endocannabinoid receptors CNR1 and CNR2, which are G protein-coupled 
receptors mainly found in central nervous system but also in peripheral tissues. The endogenous 
cannabinoids anandamide [N-arachidonoylethanolamine (AEA)] and 2-arachidonoylglycerol (2-
AG) are the best studied ligands for the cannabinoid receptors (CNRs) (De Petrocellis and Di 
Marzo 2009).  Other endogenous fatty acyl amides are known as endocannabinoid-like 
compounds because they do not activate CNRs. These include the anti-inflammatory and 
antiproliferative N-palmitoylethanolamide (PEA) and the appetite suppressor N-
oleoylethanolamide (OEA) (Maccarrone et al. 2010). The last component of this system 
encompasses enzymes that synthesize [N-acyltransferase (NAT), N-acyl 
phosphatidylethanolamine phospholipase D (NAPEPLD)] and enzymes that degrade fatty acid 
amides with ethanolamine (FAE) [fatty acid amide hydrolase (FAAH), N-acylethanolamine acid 
amidase (NAAA), and monoglyceride lipase (MGLL)]. Unlike neurotransmitters, 
endocannabinoids are not stored in vesicles after synthesis, but are synthesized on demand 
(Rodríguez de Fonseca et al. 2001).  
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The major pathway for the biosynthesis of AEA and other N-acylethanolamines (NAE) is 
the transacylation-phosphodiesterase pathway which includes two steps (Okamoto et al. 2009). 
The first step is catalyzed by NAT to produce N-arachidonoyl phosphatidylethanolamine 
(NAPE) and lysophospholipid. The second step is the phospholipase D-type hydrolysis of NAPE 
to generate NAE and phosphatidic acid by NAPEPLD (Okamoto et al. 2009). Degradation of 
endocannabinoids occurs primarily via FAAH which can degrade both orexigenic (e.g., AEA) 
and anorexigenic (e.g., OEA) endocannabinoids (Tourino et al. 2010). Other enzymes such as 
NAAA (Vandevoorde and Lambert 2005) and MGLL (Dinh et al. 2002) are capable of 
hydrolyzing AEA, PEA, and 2-AG.  
Data from rodents indicate that AEA increases food intake through signaling via CNR1 
and CNR2 (Maccarrone et al. 2010). Oleoylethanolamide (OEA), formed from oleic acid and 
phosphatidylethanolamine, has anorexigenic properties and can lead to body fat loss. Food intake 
may stimulate NAT activity and biosynthesized OEA can trigger satiety signals via sympathetic 
activity (Peterson et al. 2006; Fu et al. 2011). Both AEA and OEA were shown to be active 
through two distinct pathways; AEA activates (CNRs) mainly in the mesolimbic system 
(Kirkham 2006) leading to an increase in food intake, whereas, OEA activates peroxisome 
proliferator-activator receptor α (PPARα) and induces a satiety signal (Maccarrone et al. 2010) 
leading to decreased food intake.  
 During parturition in dairy cows, the negative energy balance leads to mobilization of 
fatty acids stored in adipose tissue, causing a striking increase in blood non-esterified fatty acids 
(NEFA) and β-hydroxybutyrate (BHBA) concentrations due to the increase in β-oxidation and 
ketogenesis (Drackley et al. 2001). Prepartal level of dietary energy can affect adipose tissue 
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deposition, hence, the amount of postpartal NEFA released into blood and available for 
metabolism in liver (Drackley et al. 2005). For example, cows overfed energy prepartum had a 
greater rate of fatty acid esterification but lower rate of fatty acid β-oxidation in liver compared 
with cows that were energy-restricted to ~80% of requirements (Litherland et al. 2011). We 
previously observed a gradual increase in expression of PPARα in liver during the peripartal 
period (Loor et al. 2005), specifically after parturition, which seems to constitute one of the 
mechanisms regulating β-oxidation and hepatic ATP/ADP ratio as well as ketogenesis (Loor 
2010). Allen et al. (2009) proposed that feed intake in dairy cows is controlled by signals carried 
from the liver to the brain via afferents in vagus nerve and these signals are affected by hepatic 
oxidation.  
 Although the potential role of ECS in hepatic tissue is evident in non-ruminants (Kunos 
et al. 2008) it could be possible that this system also operates in bovine, particularly after 
parturition when the rates of hepatic fatty acid oxidation and ketogenesis increase substantially. 
Using the framework proposed by Allen et al. (2009) and data on ECS components from rodents 
we propose (Figure 2.1) that production of OEA (endogenously from phospholipids or from 
POMC neurons) in bovine liver may be one signal triggering PPARα activation of FA oxidation 
leading to greater hepatic ATP production and contributing to the pathway proposed by Allen et 
al. (2009) that signals hypothalamus via vagal afferents to reduce feed intake. In rodents, the 
signaling pathway via AEA and 2-AG results in the activation of steroid regulatory element 
binding protein 1c (SREBP1c) which in turn regulates the expression of acetyl-CoA-carboxylase 
and fatty acid synthase to promote lipogenesis (Osei-Hyiaman et al. 2005) and decrease FA 
oxidation. This adaptive response lowers hepatic ATP, potentially signaling the hypothalamus to 
increase feed intake. However, it remains to be determined if these orexigenic compounds also 
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trigger activation of lipogenic transcription factors and enzymes in dairy cows because it is well-
established that ruminant liver is not a lipogenic tissue (e.g. Bell 1979).   
The main objective of this study was to evaluate the effect of controlled-energy or 
overfeeding a moderate-energy diet during the entire dry period on expression of the ECS in 
liver. We examined mRNA expression of endocannabinoid receptors (CNR1, CNR2), enzymes 
that synthesize FAE (HRASLS5, NAPEPLD), enzymes that degrade FAE (FAAH, NAAA, 
MGLL), and proopiomelanocortin (POMC).      
  
MATERIALS AND METHODS 
Animals and diets  
All procedures were performed under protocols approved by the University of Illinois 
Institutional Animal Care and Use Committee (protocol # 06145). Twelve Holstein cows in their 
second or greater lactation were used. One group of cows (n = 6) was assigned to a control 
(CON) high wheat-straw diet, i.e. ~41.9% of total ingredients, that was fed for ad libitum intake 
to supply at least 100% of calculated net energy for lactation (NEL, 1.34 Mcal/kg DM; Table 
2.1). Another group of cows (n = 6) was fed a moderate-energy diet (OVER, 1.62 Mcal/kg DM) 
with corn silage as the major dietary component, i.e. ~50.3% of total, to supply >140% of 
calculated NEL requirements during the entire dry period (~45 d). Diets were fed as a total mixed 
ration (TMR) once daily (0600 h) using an individual Calan (American Calan, Northwood, NH, 
USA) gate feeding system. Cows were housed in a ventilated enclosed barn during the dry period 
and had access to sand-bedded free stalls until 5 d before expected calving date, when they were 
moved to an individual maternity pen bedded with straw. Blood was sampled from the coccygeal 
vein or artery into evacuated serum tubes containing a clot activator (Becton Dickinson 
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Vacutainer Systems, Franklin Lakes, NJ, USA). Serum was obtained by centrifugation at 1,900 × 
g for 15 min. Aliquots of serum were frozen (-20°C) until further analysis. Measurements of 
NEFA and BHBA were performed using commercial kits in an auto-analyzer at the University of 
Illinois Veterinary Diagnostic Laboratory (Urbana, IL, USA). Cows were free of clinical disease 
and expelled the placenta within 24 h after calving. After parturition, cows were moved to a tie-
stall barn and were fed a common lactation diet (NEL = 1.69 Mcal/kg DM). Diets were mixed in 
a Keenan Klassik 140 mixer wagon (Richard Keenan & Co., Ltd., Borris, County Carlow, 
Ireland) equipped with knives and serrated paddles. To prepare the CON diet, straw in large 
square bales was chopped directly by the mixer without preprocessing.   
Liver tissue 
Liver was sampled via puncture biopsy (Dann et al. 2006) from cows under local 
anesthesia at approximately 0700 h on d (± 3) −14 and 7, 14 and 30 relative to parturition. Liver 
tissue was frozen immediately in liquid nitrogen, transferred to a −80 °C freezer for storage. 
Analysis of triacylglycerol (TAG) was as described previously (Janovick et al. 2011). 
RNA extraction, PCR, and design and evaluation of primers 
RNA extraction 
RNA samples were extracted from frozen tissue using established protocols in our 
laboratory (Loor et al. 2007). Briefly, liver tissue sample was weighed (~0.3-0.5 g) and 
straightway was put inside a 15 ml centrifuge tube (Corning Inc. ®, Cat. No. 430052, Corning, 
NY, USA) with 1 µl of Linear Acrylamine (Ambion® Cat. No. 9520, Austin, TX, USA) as a co-
precipitant, and 5 ml of ice-cold Trizol reagent (Invitrogen Corp., Carlsbad, CA, USA) to 
proceed with RNA extraction. This extraction procedure also utilizes acid-phenol chloroform 
(Ambion® Cat. No. 9720, Austin, TX, USA), which removes residual DNA. Any residual 
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genomic DNA was removed from RNA with DNase using RNeasy Mini Kit columns (Qiagen, 
Hilden, Germany). RNA concentration was measured using a Nano-Drop ND-1000 
spectrophotometer (Nano-Drop Technologies, Wilmington, DE, USA). The purity of RNA 
(A260/A280) for all samples was above 1.81. The quality of RNA was evaluated using the Agilent 
Bioanalyzer system (Agilent 2100 Bioanalyzer, Agilent Technologies, Santa Clara, CA, USA). 
The average RNA integrity number (RIN) value for samples was 8.0 ± 0.4.  
qPCR analysis 
For qPCR, cDNA was synthesized using 100 ng RNA, 1 µg dT18 (Operon 
Biotechnologies, Huntsville, AL, USA), 1 µL 10 mmol/L dNTP mix (Invitrogen Corp., CA, 
USA), 1 µL random primer p(dN)6 (Roche® Cat. No. 11 034 731 001, Roche Diagnostics 
GmbH, Mannheim, Germany), and 10 µL DNase/RNase free water. The mixture was incubated 
at 65 °C for 5 min and kept on ice for 3 min. A total of 6 µL of master mix composed of 4.5 µL 
5X First-Strand Buffer, 1 µL 0.1 M dithiothreitol, 0.25 µL (50 U) of SuperScriptTM III RT 
(Invitrogen Corp.CA, USA), and 0.25 µL of RNase Inhibitor (10 U; Promega, Madison, WI, 
USA) was added. The reaction was performed in an Eppendorf Mastercycler® Gradient using the 
following temperature program: 25 °C for 5 min, 50 °C for 60 min and 70 °C for 15 min.  cDNA 
was then diluted 1:4 (v:v) with DNase/RNase free water.  
Quantitative PCR (qPCR) was performed using 4 µL diluted cDNA (dilution 1:4) 
combined with 6 µL of a mixture composed of 5 µL 1 × SYBR Green master mix (Applied 
Biosystems, CA, USA), 0.4 µL each of 10 µM forward and reverse primers, and 0.2 µL 
DNase/RNase free water in a MicroAmp™ Optical 384-Well Reaction Plate (Applied 
Biosystems, CA, USA). Each sample was run in triplicate and a 6 point relative standard curve 
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plus the non-template control (NTC) were used (User Bulletin #2, Applied Biosystems, CA, 
USA). The reactions were performed in an ABI Prism 7900 HT SDS instrument (Applied 
Biosystems, CA, USA) using the following conditions: 2 min at 50 °C, 10 min at 95 °C, 40 
cycles of 15 s at 95 °C (denaturation) and 1 min at 60 °C (annealing and extension). The 
presence of a single PCR product was verified by the dissociation protocol using incremental 
temperatures to 95 °C for 15 s plus 65 °C for 15 s.  Data were calculated with the 7900 HT 
Sequence Detection Systems Software (version 2.2.1, Applied Biosystems, CA, USA). The final 
data were normalized using the geometric mean (pairwise variation V2/3 ≤ 0.2; Vandesompele et 
al. 2002) of ubiquitously-expressed transcript (UXT), glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), and ribosomal protein S9 (RPS9). Sequence and primer information 
of GAPDH and RPS9 were published by Janovick et al. (2007).   
Genes selected for transcript profiling in this study were CNR1, CNR2, FAAH, MGLL, 
NAAA, HRASLS5, NAPEPLD, and POMC (Table 2.2). Primers were designed using Primer 
Express 2.0 or 3.0 with minimum amplicon size of 80 bp (when possible amplicons of 100-150 
bp were chosen) and limited 3’ G+C (Applied Biosystems, CA). When possible, primers were 
designed to fall across exon–exon junctions. Primers were aligned against publicly available 
databases using BLASTN at NCBI and UCSC’s Cow (Bos taurus) Genome Browser Gateway 
(Table 2.3). Prior to qPCR, primers were tested in a 20 µL PCR reaction using the same protocol 
described for qPCR except for the final dissociation protocol. For primer testing we used a 
universal reference cDNA (RNA mixture from 5 different bovine tissues) to ensure identification 
of desired genes. Five µL of the PCR product were run in a 2% agarose gel stained with ethidium 
bromide (2 µL). The remaining 15 µL were cleaned using QIAquick® PCR Purification Kit 
(QIAGEN) and sequenced at the Core DNA Sequencing Facility of the Roy J. Carver 
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Biotechnology Center at the University of Illinois, Urbana-Champaign. Only those primers that 
did not present primer-dimer, a single band at the expected size in the gel, and had the right 
amplification product (verified by sequencing) were used for qPCR. The accuracy of a primer 
pair also was evaluated by the presence of a unique peak during the dissociation step at the end 
of qPCR.  
Efficiency of PCR amplification for each gene was calculated using the standard curve 
method [E = 10(-1/slope)] (Table 2.4). Relative mRNA abundance among measured genes was 
calculated as previously reported (Bionaz and Loor 2008), using the inverse of PCR efficiency 
raised to ∆Ct (gene abundance = 1/E∆Ct, where ∆Ct = Ct sample - geometric mean Ct of 3 
internal control genes; Table 2.4). Overall mRNA abundance for each gene among all samples 
measured was calculated using the median ∆Ct. Use of this technique for estimating relative 
mRNA abundance among genes was necessary because relative mRNA quantification was 
performed using a standard curve (made from a mixture of RNA) which precluded a direct 
comparison among genes. Together, use of Ct values corrected for the efficiency of amplification 
plus internal control genes as baseline overcome this limitation. The overall % relative mRNA 
abundance is shown in Figure 2.2.  
Statistical analysis 
The MIXED procedure of SAS (SAS Institute, Inc., Cary, NC, USA) was used for 
statistical analysis. The fixed effects included diet (CON or OVER), time (-14 and 7, 14, 30 d 
relative to parturition), and interaction diet × time.  The covariate structure used was AR(1). Data 
were normalized by logarithmic transformation prior to statistical analysis. All means were 
compared using the PDIFF statement of SAS (SAS Institute, Inc., Cary, NC, USA). Statistical 
significance was declared at P ≤ 0.05. 
33 
 
RESULTS 
The mRNA expression pattern and percentage (%) relative mRNA abundance of genes 
involved in the ECS are shown in Figure 2.2-2.5. The relative mRNA abundance of CNR1 and 
CNR2 was 0.01% and 0.19% (Figure 2.2) of total mRNA transcripts measured. Although 
expression of CNR1 was not affected by diet, time or their interaction, there was an interaction 
effect (P < 0.05) on the expression pattern of CNR2 due in part to the decrease in expression 
between -14 and 7 d in cows fed CON (Figure 2.3), which also led to differences between diets 
at 7 d. We observed greater NEFA concentrations (diet × time P < 0.05) in the last 2 wk 
prepartum in cows fed CON (0.38 vs. 0.18 mEq/L, for CON and OVER) (Table 2.5) but 
concentrations were greater during the first 1 wk postpartum in cows fed OVER (0.32 vs. 0.60 
mEq/L, for CON and OVER) (Table 2.5). No differences in serum BHBA were observed 
prepartum but cows fed OVER had greater (diet × time P < 0.05) BHBA during the first wk 
postpartum (0.47 vs. ~0.90 mmol/L, for CON and OVER) (Table 2.5). During the first 4 wk 
postpartum, cows fed OVER were (diet × time P < 0.05) in more positive energy balance 
prepartum (151 ± 13% vs. 103 ± 16% of estimated energy requirements) but they experienced a 
more drastic degree of negative energy balance postpartum (86 ± 13% vs. 101 ± 16% of 
requirements). In addition to pospartal differences in NEFA and BHBA, cows fed OVER had 
greater (P < 0.05) liver TAG at 14 d postpartum (~4% vs. ~1.5% on wet weight basis) but 
differences disappeared by 30 d postpartum (data not shown).  
We found the relative mRNA abundance of FAAH (fatty acid amide hydrolase) 
accounted for ~21% of total genes measured, which made it the third most-abundant gene among 
those measured (Figure 2.2). The expression of FAAH was 37% greater (diet × time P < 0.05) 
due to OVER vs. CON at -14 d, then decreased by 7 d in cows fed OVER. In contrast, cows fed 
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CON experienced a gradual increase (diet × time P < 0.05) between -14 and 14 d, at which point 
FAAH expression was ~28% greater in these cows relative to OVER (Figure 2.4). Cows fed 
OVER experienced an increase in FAAH expression between 7 and 30 d, at which time 
expression was ~20% higher relative to CON. The relative mRNA abundance of MGLL in liver 
was ~33% (Figure 2.2); constituting the second highest among the genes we studied. The 
expression of MGLL was greater (diet × time P < 0.05) in cows fed OVER than CON at all 
postpartal time points (Figure 2.4). The relative mRNA abundance of NAAA in liver was 4.5% 
(Figure 2.2). N-acylethanolamine acid amidase (NAAA) is another enzyme with a key role in the 
hydrolysis of endocannabinoids and other ceramides (Vandevoorde and Lambert 2005). There 
was a significant interaction (P < 0.05) on the expression of NAAA due primarily to differences 
between time points, i.e. expression decreased between -14 and 7 d in cows fed CON or between 
-14 and 14 d in cows fed OVER. Interestingly, expression of NAAA increased (P < 0.05) between 
7 and 14 d with CON and between 14 and 30 d with OVER but was not affected by diet × time 
interaction.  
In our study, there was an interaction (P < 0.05) on mRNA expression of HRASLS5 due 
to its greater expression at 14 and 30 d in cows fed CON vs. OVER (Figure 2.4). The relative 
mRNA abundance of HRASLS5 in liver was 37% (Figure 2.2) which was the highest in our 
study.  No significant changes in NAPEPLD expression were observed. In our study, relative 
mRNA abundance of POMC in liver was 3.14% (Figure 2.2).   
Similar to CNR2, we found that cows fed CON had a numerical decrease in expression of 
POMC between -14 and 7, which resulted in lower expression (diet × time P < 0.05) at 7 d 
relative to cows fed OVER (Figure 2.5). Thereafter, POMC increased at 14 through 30 d in cows 
fed CON but in cows fed OVER expression decreased to values lower than prepartum. There 
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was an overall decrease (time P < 0.05) in POMC expression by 7 d postpartum driven mainly 
by the response to CON. 
 
DISCUSSION 
Cannabinoid receptor 1, in fact, was below the threshold (≤30 Ct) we use as cutoff for 
considering genes as expressed (Piantoni et al., 2008). Those data may suggest that synthesis of 
endocannabinoids in ruminant liver is quantitatively minor or that degradation of 
endocannabinoids (e.g., via FAAH) is a more predominant process. Endocannabinoids are 
produced and degraded in body tissues on demand and play a role in a variety of  functions 
through the G-protein coupled endocannabinoid receptors CNR1 and CNR2 (Fowler et al. 2005; 
Kim et al. 2011). We are not aware of data on bovine but previous data in rodents showed that 
high-fat diets upregulated CNR1 expression in hepatocytes, which led to an induction of de novo 
lipogenesis (Osei-Hyiaman et al. 2006). In addition, during development of obesity via high-fat 
diet feeding, expression of CNR2 in adipose tissue increased as inflammation proceeded and its 
expression also was moderately induced in liver (Deveaux et al. 2009). The pro-lipogenic 
response of high-fat diets on hepatic CNR1 was associated with greater expression of SREBP-1c 
and its target genes acetyl coenzyme-A carboxylase (ACC) and fatty acid synthase (FAS), 
resulting in an overall increase in hepatic lipogenesis in mouse (Osei-Hyiaman et al. 2005). 
Because that response was prevented by blocking CNR1 expression, it was concluded that local 
production of endocannabinoids in liver due to high-fat feeding was a cause of enhanced 
lipogenesis.  Mallat and Lotersztajn (2008) suggested that metabolic steatosis in mouse liver is 
mediated indirectly via CNR1 signalling. Additional support for a role of CNR receptors in 
hepatic steatosis comes from studies using CNR2 antagonists showing a decrease in hepatic 
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steatosis (Deveaux et al. 2009). If indeed exogenous FAE are of biological relevance in ruminant 
liver, our data seem to suggest that CNR2, not CNR1, may be the receptor involved in 
transducing those signals.   
The cDNA of NAT was recently cloned (HRASLS5) to investigate its structure and 
function (Okamoto et al. 2009). The enzyme NAT controls the formation of endocannabinoids 
(Peterson et al. 2006) along with NAPEPLD which catalyzes the second step (Kim et al. 2011). 
Activity of NAPEPLD on membrane-bound phospholipids results in formation of N-
acylethanolamines which can then be metabolized by FAAH to a long-chain fatty acid and 
ethanolamine (Peterson et al. 2006). The relative mRNA abundance of NAPEPLD was 0.4% 
(Figure 2.2). Despite the wide differences in abundance, the expression pattern of both genes was 
positively correlated (r = 0.46, P = 0.02), which supports their complementary role in the 
metabolism of N-acylethanolamines (Peterson et al. 2006). Our data suggest that production of 
N-acetyl phosphatidyl ethanolamine via HRASLS5 in liver tissue after parturition may be a 
normal response in cows fed to meet energy requirements prepartum, i.e. cows that are in less 
severe negative energy balance postpartum and have lower circulating NEFA.  It remains to be 
determined if the marked upregulation of FAAH early postpartum counterbalances the response 
in HRASLS5 to decrease excessive formation of endocannabinoids. 
Fatty acid oxidation and ketone body utilization in transition cows provide fuel to body 
tissues ensuring the availability of glucose for fetal use and lactogenesis (Herdt 2000). Litherland 
et al. (2011) showed that cows overfed energy to a similar degree as in the present study 
compared to energy-restricted cows had greater rates of esterification but not oxidation at d 1 
postpartum. Differences in rates of fatty acid oxidation in liver after parturition may be 
associated with CNR2, e.g. the gradual decrease (P < 0.05) of CNR2 expression from -14 d to 7 d 
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in cows fed CON may have been due in part to reduced rate of oxidation as indicated by the 
lower concentrations of BHBA (also in the study of Janovick et al., 2011).   
Greater lipid accumulation in liver postpartum was observed previously in cows overfed 
energy prepartum (Janovick and Drackley 2010; Litherland et al. 2011). Although we did not 
detect differences in liver TAG at 7 d postpartum (~1.0% of wet weight), it could be possible 
that differences in the rate of TAG clearance vs. fatty acid oxidation may have led to the greater 
expression (P < 0.05) of CNR2 in OVER vs. CON at 7 d (Figure 2.3). Cows fed OVER 
experienced a decrease (P < 0.05) in CNR2 between 7 and 14 d, which contrasts the increase in 
liver TAG concentration. Despite this, it is possible that the lower expression of CNR2 with 
OVER at 14 and 30 d may have been associated with a greater degree of clearance of TAG from 
liver  and also greater use of long-chain fatty acids as energy source (Douglas et al. 2006; 
Litherland et al. 2011). Despite treatment differences in NEFA and BHBA, the fact that 
expression of CNR1 and CNR2 was not correlated with blood NEFA or BHBA makes it quite 
challenging to speculate further on the mechanisms behind the observed changes in CNR1 and 
CNR2 expression patterns.  
Fatty acid amide hydrolase (FAAH), which is widely distributed in brain, liver and small 
intestine (Ueda et al. 2002) can degrade both orexigenic (e.g., AEA) and anorexigenic (e.g., 
OEA) endocannabinoids (Tourino et al. 2010). Endogenous AEA plays a major role in the 
development of diet-induced obesity and fatty liver in rodents (Osei-Hyiaman et al. 2006), 
stimulates food intake (Jamshidi and Taylor 2001) and energy storage in the form of lipids (Cota 
2008). In contrast, OEA is anorexic and enhances adipose lipolysis (Rodríguez de Fonseca 
2001).  Because of the high expression of FAAH (Cravatt et al. 1996) under normal conditions 
rodent liver contains small concentrations of the endocannabinoids OEA, AEA, and 2-AG 
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(Julien et al. 2005). However, Tourino et al. (2010) demonstrated that exogenous AEA and OEA 
in FAAH-/- mice led to normal feed intake and proposed the existence of a compensatory 
mechanism between orexigenic and anorexigenic molecules in the absence of FAAH. Although 
FAAH clearly is the major OEA degrading enzyme there may be additional mechanisms 
preventing buildup of these compounds. 
Data for FAAH at -14 d suggest that feeding OVER could have increased the level of 
liver tissue OEA degradation, i.e. reducing the availability of the metabolite to induce biological 
effects in liver. The likely precursor of OEA in bovine liver is oleoylphosphatidylcholine and a 
recent study found a gradual increase of cis9-18:1 concentration in liver tissue phospholipids 
(likely from oleoylphosphatidylcholine) between d -40 to d 1 and 21 relative to parturition, 
followed by a gradual decrease at d 65 postpartum (Douglas et al. 2007). Whether the increase in 
liver phospholipid cis9-18:1concentration early postpartum is strictly associated with turnover is 
unclear but merits further study. In regards to a potential link between OEA turnover and feed 
intake, it was noteworthy that cows fed OVER consumed (diet P = 0.22) on average 14.4 kg/d 
vs. 11.3 kg/d for cows fed CON during the last 21 d prepartum. Despite statistical differences in 
prepartal DMI, those cows were in substantial positive energy balance compared with CON.    
Daily DMI increased steadily from the point of calving and averaged (P = 0.73) 16.3 kg/d 
and 17.1 kg/d at 14 d postpartum in cows fed OVER and CON. A link between postpartal FAAH 
expression/function and DMI clearly is more complex.  The expression of FAAH was similar for 
both diets at 7 d but by 14 d cows fed CON had greater expression (P < 0.05) than OVER. At 30 
d vs. 14 d, expression of FAAH in cows fed CON returned to levels at 7 d but in cows fed OVER 
it was greater (P < 0.05) than d 7 and 14. Expression of FAAH did not correlate (data not shown) 
with blood NEFA or BHBA. The upregulation of FAAH soon after parturition may represent a 
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mechanism to prevent excessive production of endocannabinoids. The net result of such 
adaptations may encompass reduced endocannabinoid signaling (Figure 2.1). Although we are 
unaware of previous studies measuring bovine liver endocannabinoid concentrations, our mRNA 
expression data seem to suggest that prepartal diet may affect synthesis of these molecules. 
Whether hepatic endocannabinoid signaling is an element of the vagal response that may 
regulate food intake (Figure 2.1) remains to be determined. Together, ours and previous data 
(Douglas et al. 2007) underscore unique adaptations in liver phospholipid metabolism that may 
indirectly affect satiety signals from liver to brain (Figure 2.1).  
At least in non-ruminants, MGLL seems to play a more important role than FAAH in 
endocannabinoid degradation (Dinh et al. 2002). This enzyme converts monoglycerides to fatty 
acids and glycerol, and also hydrolyzes 2-AG (Mallat and Lotersztajn 2008). The difference 
between diets was highest at d 7 after parturition when expression of MGLL in OVER was 80% 
greater than CON. It was noteworthy that MGLL expression in cows fed OVER correlated 
modestly (r = 0.38, P = 0.06) with serum NEFA (not BHBA), which suggests that MGLL also 
could play a role in the hydrolysis of DAG or TAG within liver tissue as a mechanism to control 
lipidosis. However, the fact that concentration of liver TAG was greater in cows fed OVER vs. 
CON exclusively at 14 d postpartum seems to cast doubt for an involvement of MGLL in 
hydrolysis of TAG. The response of NAAA with both diets may be suggestive of a lower 
importance in endocannabinoid degradation in bovine liver.    
The longitudinal changes in POMC mRNA expression are likely of physiological 
significance and seem to agree with the half-life of the transcript which in non-ruminant pituitary 
has been measured in days (Mains and Eipper, 2011). Because murine liver expresses POMC at 
much lower level than the central nervous system (Liu et al. 2011) it is unknown if mRNA half-
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life is similar across tissues. Fasting has been shown to enhance Agouti-related protein (AGRP) 
and neuropeptide Y (NPY) mRNA and protein synthesis which in turn induces marked 
downregulation of POMC mRNA in arcuate nucleus neurons (Korner et al. 2001). Such 
responses are reversed by Leptin infusion. Relative to cows fed to meet prepartal energy 
requirements, cows overfed energy prepartum to a similar level as in our study had greater 
prepartal serum leptin concentration (Janovcik et al. 2011). However, concentrations decreased 
after parturition and were similar regardless of prepartal energy intake for the first 28 d 
postpartum (Janovick et al. 2011). The response we observed with OVER at 7 vs. 14 d 
postpartum may be related with Leptin concentration or hepatic sensitivity, i.e. relative to CON 
the liver from cows fed OVER was still responsive to Leptin soon after parturition, hence, 
maintaining elevated POMC mRNA. Between 7 and 14 d, the response in cows fed CON may 
have reflected greater hepatic sensitivity to serum Leptin.  
It was noteworthy that expression of POMC was positively correlated with estimated 
energy balance, but the correlation was stronger in cows fed CON vs. OVER, i.e. r = 0.78 vs. 
0.42. Weak correlations were found between POMC and NEFA or BHBA in cows fed OVER; 
however, in cows fed CON there was a negative correlation between POMC and NEFA (r = -
0.57). The positive correlation of POMC and energy balance seems to suggest a biological link 
because it is well-established in rodents that hypothalamic POMC neurons are essential to 
maintain energy balance (Coll et al. 2004). Furthermore, negative energy balance due to fasting 
has been associated with lower POMC mRNA in hypothalamic neurons, a response associated 
with lower Leptin (Korner et al. 2001). The negative correlation between POMC and NEFA may 
not be due to NEFA per se, but rather due to other stimuli such as glucocorticoids (Mains and 
Eipper, 2011). The fact that POMC also is regulated by post-translational modifications 
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(Millington 2007) complicates the interpretation of mRNA expression data. The data seem to 
suggest that under more severe negative energy balance a multitude of factors (e.g., Leptin, 
Korner et al. 2001) besides NEFA or the well-known homeorhetic hormones may be working in 
coordination and, in some fashion, affecting POMC and the ECS system. 
Proopiomelanocortin is the precursor of melanocyte-stimulating hormone (MSH), 
corticotrophin (ACTH) and β-endorphin, all of which have roles in regulation of appetite, 
secretion of glucocorticoids (adrenal cortex), and opioid activity (Millington 2007). Hentges et 
al. (2005) conducted an experiment using brain slices of mice to demonstrate that 
endocannabinoids are released continuously from POMC neurons. They also found that 
endocannabinoid production rate (via a calcium-dependent mechanism) from POMC neurons is 
similar to other neurons but they have a remarkably low ability to degrade cannabinoids. 
Hypothalamic POMC gene expression also was up-regulated in response to systemic increases of 
endocannabinoids (Corchero et al. 1999). Whether systemic endocannabinoid concentrations in 
ruminants can be enhanced by increases in hepatic FAE production either via enzymatic 
synthesis or from POMC neurons remains to be determined. Further investigation to explore the 
mechanisms of POMC and endocannabinoids at the level of liver may help to elucidate the 
importance of these compounds as it relates to regulation of energy balance and food intake in 
dairy cows. 
CONCLUSIONS 
 Results of the present study revealed longitudinal adaptations and response to prepartal 
plane of nutrition of several components of the endocannabinoid signaling system and 
proopiomelanocortin in bovine liver. Together with previous data, our results raise the possibility 
that the ECS and POMC in peripartal cow liver may work in concert with lipid metabolism (e.g. 
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oxidation, esterification) to control hepatic intracellular signals that may alter metabolism and 
energy balance.  
IMPLICATIONS 
Our data indicates the presence and interaction of ECS with lipid metabolism in liver. It 
is important to note that investigations of the hepatic ECS and POMC systems (including post-
translational regulation) may help to expand our understanding of the complex inter-tissue 
signals controlling adaptations to the onset of lactation including control of feed intake and 
energy balance.  
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Table 2.1. Ingredients and chemical composition of experimental diets. 
 Prepartal energy level   
  Control Overfed  Lactation 
Ingredients     
Wheat straw 41.9 - - 
Corn silage 29.3 50.3 29.9 
Alfalfa silage 10.0 18.0 14.8 
Soybean meal 9.64 3.54 2.39 
Ground shelled corn 3.59 13.9 - 
Alfalfa hay 3.35 6.06 5.55 
Magnesium sulfate 0.64 0.63 - 
Magnesium oxide 0.42 0.43 0.13 
Vitamin E 0.27 0.24 - 
Mineral and vitamin mix1 0.18 0.18 0.22 
Magnesium chloride 0.17 0.35 0.00 
Urea 0.17 - 0.13 
Salt 0.15 0.24 0.13 
Sodium phosphate 0.13 - - 
Vitamin A 0.01 0.01 - 
Vitamin D 0.01 0.01 - 
Whole cottonseed - 5.03 5.55 
Calcium carbonate - 0.9 0.56 
Corn ground - - 20.3 
Wet brewer’s grain  - - 12.9 
Soybean hulls - - 5.55 
Sodium bicarbonate - - 0.83 
Dicalcium phosphate - - 0.54 
Vitamin H - - 0.28 
Chemical composition    
DM,  % 51.9 50.0 60.5 
NEL, Mcal/kg DM 1.34 1.62 1.69 
CP, % DM 12.0 15.0 17.4 
AP, % DM 11.2 14.3 11.9 
ADICP, % DM 0.70 0.73 5.53 
NDF, % DM 53.4 36.6 34.1 
ADF, % DM 36.6 25.7 21.8 
Ca, % DM 0.67 0.73 0.80 
P, % DM 0.24 0.31 0.43 
Mg, % DM 0.50 0.57 0.33 
K, % DM 1.45 1.28 1.16 
S %DM 0.21 0.25 0.21 
Na % DM 0.07 0.09 0.29 
Fe, ppm 305 339 203 
Zn , ppm 66.6 80.0 65.8 
Cu, ppm 13.0 14.6 10.9 
Mn, ppm 72.0 70.3 67.0 
1Mineral and vitamin mix: zinc = 60 ppm, copper = 15 ppm, manganese = 60 ppm, selenium 
0.3 ppm, iodine = 0.6 ppm, iron = 50 ppm, and cobalt = 0.2 ppm. Rumensin: 360mg/day in 
the lactation diet. 
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Table 2.2. Gene ID, GenBank accession number, hybridization position, sequence and amplicon 
size of primers used in this study.  
 
 
 
 
1
 Primer direction (F – forward; R – reverse) and hybridization position on the sequence. 
2
 Amplicon size in base pair (bp). 
 
 
 
 
 
 
 
Gene ID Accession # Symbol Primers1 Primers (5’-3’)2 bp2 
281087 U77348.1 
 
CNR1 F.68 
R.172 
AACCCCAGCCAGCAGCTT 
GAGGCTGGAATGGAGGATGAC 
105 
539769 NM_001192303.1 
 
CNR2 F.791 
R.900 
TCTTCGCCGGCATCATCTAC 
CATCCGGGCTATTCCAGACA 
110 
540007 NM_001099102.1 
 
FAAH F.1332 
R.1436 
TTCCTGCCAAGCAACATACCT 
CACGAAATCACCTTTGAAGTTCTG 
105 
505290 XM_581556.5 
 
MGLL F.2 
R.138 
GCAACCAGCTGCTCAACAC 
AGCGTCTTGTCCTGGCTCTT 
137 
522630 XM_600915.3 
 
HRASLS5 F.256 
R.355 
AAGATCATCCAGCGGACAAAA 
CGCCGTATCTCAGGTCATTGA 
100 
541291 NM_001015680.1 NAPEPLD F.400 
R.494 
AGAGATCACAGCAGCGTTCCAT 
ACTCCAGCTTCTTCAGGGTCATC 
95 
515375 NM_001100369.1 
 
NAAA F.223 
R.322 
CAGCACTACGACCGGGACTT 
CCGGGACGACTTTTCTGATC 
100 
281416 NM_174151.1 
 
POMC F.855 
R.951 
CTTGTCACGCTGTTCAAAAACG 
GTCAACTTTCCGCGGAGAGA 
97 
 
525680 NM_001037471.1 UXT F.323 
R.423 
TGTGGCCCTTGGATATGGTT 
GGTTGTCGCTGAGCTCTGTG 
 
101 
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Table 2.3.  Sequencing results of PCR products from primers of genes designed for this 
experiment. Best hits using BLASTN (http://www.ncbi.nlm.nih.gov) are shown.  
 
Gene Sequence 
CNR1 GTTTTCGCCAGCTTGCCACGCTGTGCACTTTAAGCGCTTGTTTGGCACC
TTCACGGTCCTGGAACCTGCTGGTGCTGTGTCATCCTCCATTCCAGC 
CNR2 CGAAGTTCCTCTTCGCCGGCATCATCTACATGGAAGGCCCATCAGGCA
TTCCGGAGCCAGCTTGGCTGAGCACCGGGACAGACACCTGTCTGGA 
FAAH GCGTGCACGGGCAGGGGTGCTGTTCAGTGACGGTGGCACGACCTTCCT
ACAGAACTTCAAAGGTGATTTCGTGA 
MGLL GCTGGAGGCGCTGCCAGCTGAGCTGCCCTTCCTGCTGCTGCAGGGCTCT
GCCGACCGCCTCTGTAACAGCAGGGGCGCCTACCTGCTCATGGAGTCA
GCCAAGAGCCAGGACAAGACGCTAAT 
HRASLS5 GAACTTATAGAATGTGTCAGTACAGCCCGTAATCGAGGGGGAACGTTC
GAGCCACTTTGTTCAATGACCCTGAGATACGGCGGTAAAAA 
NAPEPLD GCATAGCGTTGATGAGACACCTCCGGGGTGCCTTAGGCCATATTTTATT
GATGACCCTGAAGAAGCCTGGAGTACAAT 
NAAA CTCGTCCAATCATCGGAGAATTATGTCCCGCAGTGGGTCCTTGCATTGA
TCAGAAAAGTCGTCCCGGGAC 
POMC CCTAACGCCACAGAGAGGCCAGTGTGAGGGCGCAGCGGGCAGGGGGG
CCTCCTCTCCGCGGAAAAGTTTGAACAAA 
UXT CTGGTTATCGTGGAGCTCTCAGTTCATTGATCGTAAGAGCAGTCTCCTC
ACAGAGCTCAGCGACAATCTCAT 
5
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Figure 2.1. Modified putative mechanisms of hepatic and neuronal control of feed intake and 
energy balance in dairy cows based on the model of Allen et al. (2009). The rodent literature 
(Matias and Di Marzo 2007) has provided evidence for the involvement of Leptin and insulin in 
the responses of the endocannabinoid system and POMC neurons as it relates to control of food 
intake an energy balance. Concentration of those hormones, as well as NEFA, and hepatic lipid 
metabolism (Drackley et al. 2001, 2005) are affected by plane of nutrition and physiological state 
in dairy cows. Liver phospholipids (and POMC neurons) are likely sources of the 
endocannabinoids oleoylethanolamide (OEA), anandamide (AEA), and 2- arachidonoylglycerol 
(2-AG). However, OEA is a anorexigenic but AEA and 2-AG are orexigenic. Importantly, OEA 
is a potent ligand of peroxisome proliferator-activator receptor α (PPARα), which in rodents 
regulates FA oxidation and ATP production in hepatocytes. Expression of PPARα and its target 
genes (e.g. ACOX1, ACADVL, CPT1A) also are upregulated after parturition (see review by 
Loor, 2010). Both AEA and 2-AG bind to both cannabinoid receptors (CNR1 and CNR2) and 
enhance feed intake. *Because ruminant liver is not a lipogenic tissue (Bell, 1979), it remains to 
be determine what if any role that pathway may have within the context of endocannabinoid 
signaling in liver.  
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Figure 2.2.  Relative % mRNA abundance of ECS genes measured in this study. The relative 
abundance of CNR1 and CNR2 (white background) was below 0.50% of total mRNAs, thus, the 
need for a separate X-axis on the right side of the figure. 
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Figure 2.3. mRNA expression (log2-scale; mean ± SEM) of endocannabinoid receptors in 
response to overfeeding a moderate energy diet (OVER) or a diet to meet energy requirements 
during the dry period (CON). a-b indicate differences due to the main effect of time (P <0.05); * 
indicate an interaction effect (diet × time P < 0.05) at the specific time point. 
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Figure 2.4. mRNA expression (log2-scale; mean ± SEM) of enzymes involved in synthesis 
(HRASLS5, NAPEPLD) or degradation (FAAH, MGLL, NAAA) of endocannabinoids in response 
to overfeeding a moderate energy diet (OVER) or a diet to meet energy requirements during the 
dry period (CON). a-b indicate differences due to the main effect of time (P <0.05); * indicate 
interaction effects (diet × time P < 0.05) at the specific time point. 
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Figure. 2.5 mRNA expression (log2-scale; mean ± SEM) of proopiomelanocortin (POMC) in 
response to overfeeding a moderate energy diet (OVER) or a diet to meet energy requirements 
during the dry period (CON). a-b indicate differences due to the main effect of time (P <0.05); * 
indicate interaction effects (diet × time P < 0.05) at the specific time point. 
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CHAPTER III 
EFFECTS OF GENETIC MERIT ON ADIPOSE TISSUE LIPID METABOLISM 
DURING TRANSITION PERIOD OF DAIRY COWS 
 
INTRODUCTION 
The transition period in dairy cows is characterized by extensive metabolic changes 
encompassing tissues such as adipose, skeletal muscle, and liver (McNamara 1991; Bell 1995). 
To accommodate lactogenesis after parturition, energy requirements cannot be met solely by dry 
matter intake (DMI), therefore, dairy cows experience a period of negative energy balance 
(NEB) (McNamara 1991; Bell 1995). Induction of lipolysis in adipose tissue (AT) due to 
catabolic signals (McNamara 1991) elevates the circulating concentrations of non-esterified fatty 
acids (NEFA) and increases the formation of ketone bodies (Drackley et al. 2001). Although 
NEB is a natural part of the lactation cycle, the degree of severity can hamper animal fitness, 
production ability, and health (Koltes and Spurlock 2011). 
It is well-established (McNamara 1991) that AT is one key organ that experiences 
dramatic changes during the transition period. Shirley et al. (1973) conducted one of the first 
studies on AT metabolism in transition dairy cattle and demonstrated changes in enzymes 
controlling lipogenesis and lipolysis. Subsequently, many studies over the last few decades have 
elaborated in more detail the underlying control points regulating metabolic adaptations in AT 
during lactation (McNamara and Hillers 1989; McNamara 1994; Vernon 2003; McNamara 
2004). In fact, those studies showed that dairy cows of high-genetic merit (HGM) for milk 
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production had greater rates of AT lipolysis and lower rates of lipogenesis compared with 
average genetic merit (LGM) dairy cows (McNamara and Hillers 1989; McNamara 1994). .      
Although we have a solid foundational knowledge of the key biochemical and hormonal 
control points regulating AT lipolysis and lipogenesis around parturition, such controls at the 
molecular level are only beginning to emerge (Sumner and McNamara 2007; Sumner-Thomson 
et al. 2011). Integrating knowledge at the level of gene expression, metabolism and production is 
required to better elucidate the systemic adaptations in the cow. A potential long-term outcome 
of that type of integrative research approach would be to select HGM cows with similar or 
enhanced milk production that are less susceptible to severe NEB and  postpartal metabolic 
disorders (McNamara and Valdez 2005).  
We have argued previously (Thering et al. 2009) that evaluating several components of 
transcriptional networks, rather than the so-called “rate-limiting”, is a more biologically-
meaningful approach to study long-term mechanisms of regulation. That is certainly the case in 
non-ruminants (Desvergne et al. 2006), e.g. upon induction by a ligand (hormone, nutrient) the 
recruitment of lipogenic transcription factors or nuclear receptors and their co-regulatory 
proteins to promoter regions leads to an increase in target gene transcription and mRNA 
abundance (Bennett et al. 2008). Transcriptional regulation of gene networks involved in hepatic 
lipogenesis and adipogenesis in adipose tissue of rodents is under control of sterol regulatory 
element binding factor 1 (SREBF1) (Horton et al. 2002) and the ligand-activated nuclear 
receptor PPARγ (PPARG), 
The general hypothesis of this study was that expression of lipogenic and lipolytic gene 
networks during the peripartal period differed due to genetic merit for milk production. The main 
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objective of this study was to examine longitudinal changes in adipose tissue mRNA expression 
of genes associated with lipogenesis and lipolysis and how these related to adipose tissue in vitro 
lipogenesis and lipolysis rates as well as blood metabolites and milk production. 
MATERIALS AND METHODS 
Animals and treatment protocol  
The animal experiment was conducted at Washington State University, Pullman (Rocco 
2010). Adipose tissue transcript profiling conducted at University of Illinois was on a subset of 
multiparous cows with the most complete set of samples. Briefly, genetic Merit sire PTAM was 
1,691 (HGM) and 907 kg (LGM). The 305ME for HGM animals was 30,582 kg and for LGM it 
was 27,997 (SD 3,893), which ranks these animals in the top 10% of US Holsteins. Out of these 
42 animals, we used 12 (n = 6 in each genetic merit group) 2nd lactation cows for transcript 
profiling. On DM basis the proportion of alfalfa haylage, grass hay, and concentrate mixture 
(~76% of DM corn grain) in the prepartal diet was 24%, 60%, and 16%, respectively (Rocco 
2010). Composition (DM basis) of CP, ADF, and NDF averaged 12.4%, 26.3%, and 37.1%, 
respectively, and NEL content was 1.25 Mcal/kg DM.  Similarly, the lactation diet contained 
alfalfa hay, alfalfa haylage, whole cottonseeds, distiller’s grains with solubles, and concentrate 
mixture (~93% of DM corn grain) at a level of 24%, 26%, 7%, 5%, and 39%, of DM, 
respectively. Composition (DM basis) of CP, ADF, and NDF averaged 18.5%, 19.6%, 24.2%, 
and NEL content was 1.40 Mcal/kg DM. (Table 3.1). Cows were fed once a day via Calan gates 
(American Calan, Northwood, NH) between 1000 am and 1100 am. The experimental data 
collection began 21 days prior to expected parturition and continued through 56 DIM.    
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Samples and measurements 
All these procedures have been reported in detail elsewhere (Rocco 2010). Briefly, cows 
were milked twice a day and composition of milk evaluated monthly by Dairy Herd Information 
Association (DHIA) using infrared spectrophotometry (Burlington, WA). Blood was collected 
weekly via venipuncture of the coccygeal vessel. Subcutaneous adipose tissue biopsies were 
collected at 21 days prepartum and at 7, 28, and 56 days postpartum from the tail-head region 
under spinal anesthesia (Sumner and McNamara 2007).  A portion of the sample was 
immediately placed in KREBS/HEPES buffer (Sumner and McNamara 2007) at 37° C to 
estimate rates of lipogenesis and lipolysis. Another portion was immediately homogenized in 
Qiazol reagent (Qiagen 75842, Valencia, CA) and the homogenate frozen until RNA extraction. 
Analytical methods 
Blood serum was used to analyze NEFA (NEFA-C kit, Wako Chemicals, Richmond, 
VA) and glucose (Glucose (HK) Kit; Sigma-Aldrich; St. Louis, MO). Rates of lipogenesis were 
measured in vitro using adipose tissue incubated in medium containing KREBS/HEPES buffer, 
2% fatty acid free bovine serum albumin; 5 mM glucose and 0.5, 1, 2, 4, 8 mM acetate plus 0.1 
µCi/mM 2-C14 acetate. Reactions were run for 2 hours in triplicate at pH of 7.4 and 37º C.  The 
tissue was sliced to a thickness of approximately 500 µm on a calibrated microtome (Etherton et 
al. 1977) and was weighed into ca. 80-100 mg slices for the triplicate incubations. After 
incubation, samples were placed in DOLE’s reagent (Smith and Crouse 1984) to be extracted. 
Rates of lipogenesis are expressed as mM acetate converted to fatty acids per 2h/g tissue. 
Basal and stimulated rates of lipolysis were measured in adipose tissue  pre-incubated for 
20 min (to remove the effects of handling and slicing) in 2 ml of KREBS/HEPES media 
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containing 2 % fatty acid free bovine serum albumin  (McNamara and Hillers 1986b; McNamara 
and Valdez 2005). The media was then removed and replaced with fresh media and the tissue 
was incubated for an additional 2 h (Rocco 2010).  Basal media had no added stimulators.  The 
response curve to beta-adrenergic receptor binding was conducted using isoproterenol at 10-8, 
10-7, 10-6, 10-5, and 10-4 M.  Adenosine deaminase (6.6 U/ml; Calbiochem, #116880) and 
theophylline (1mM; Sigma-Aldrich no. 200-305-7) were included to maximize response to 
isoproterenol.  Rates of lipolysis were expressed as glycerol release in nm/g tissue per 2 h. 
RNA extraction, PCR, design and evaluation of primers 
RNA extraction  
Tissue was extracted at Washington State University prior to shipment to Illinois. Briefly, 
adipose tissue RNA was extracted with 5 ml of Qiazol and immediately homogenized prior to 
extraction using the RNA-easy midi-kit (Qiagen 75842, Valencia, CA; 91355).  The quantity and 
quality of the RNA was determined using a NanoDrop1000 (Thermo Fischer Scientific; 
Wilmington, DE) spectrophotometer.  The ratio of A260/A280 was between 1.9 and 2.1. Upon 
arrival at Illinois, purity was also assessed in an Agilent Bioanalyzer (Agilent Technologies), 
which revealed that RNA integrity number (RIN) averaged 7.2 ± 0.5.  
qPCR analysis 
For qPCR, cDNA was synthesized using 100 ng RNA, 1 µg dT18 (Operon 
Biotechnologies, Huntsville, AL, USA), 1 µL 10 mmol/L dNTP mix (Invitrogen Corp., CA, 
USA), 1 µL random primer p(dN)6 (Roche® Cat. No. 11 034 731 001, Roche Diagnostics 
GmbH, Mannheim, Germany), and 10 µL DNase/RNase free water. The mixture was incubated 
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at 65 °C for 5 min and kept on ice for 3 min. A total of 6 µL of master mix composed of 4.5 µL 
5X First-Strand Buffer, 1 µL 0.1 M dithiothreitol, 0.25 µL (50 U) of SuperScriptTM III RT 
(Invitrogen Corp.CA, USA), and 0.25 µL of RNase Inhibitor (10 U; Promega, Madison, WI, 
USA) was added. The reaction was performed in an Eppendorf Mastercycler® Gradient using 
the following temperature program: 25 °C for 5 min, 50 °C for 60 min and 70 °C for 15 min.  
cDNA was then diluted 1:4 (v:v) with DNase/RNase free water.  
Quantitative PCR (qPCR) was performed using 4 µL diluted cDNA (dilution 1:4) 
combined with 6 µL of a mixture composed of 5 µL SYBR Green master mix (Applied 
Biosystems, Carlsbad, CA, USA), 0.4 µL each of 10 µM forward and reverse primers, and 0.2 
µL DNase/RNase free water in a MicroAmp™ Optical 384-Well Reaction Plate (Applied 
Biosystems, CA, USA). Each sample was run in triplicate and a 6 point relative standard curve 
plus the non-template control (NTC) were used (User Bulletin #2, Applied Biosystems, CA, 
USA). The reactions were performed in an ABI Prism 7900 HT SDS instrument (Applied 
Biosystems, CA, USA) using the following conditions: 2 min at 50 °C, 10 min at 95 °C, 40 
cycles of 15 s at 95 °C (denaturation) and 1 min at 60 °C (annealing and extension). The 
presence of a single PCR product was verified by the dissociation protocol using incremental 
temperatures to 95 °C for 15 s plus 65 °C for 15s.  Data were calculated with the 7900 HT 
Sequence Detection Systems Software (version 2.2.1, Applied Biosystems, CA USA). The final 
data was normalized using the geometric mean of beta actin (ACTB), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), and ribosomal protein S9 (RPS9). Sequence and primer 
information of ACTB, GAPDH, and RPS9 were published by Janovick et al. (2007).   
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Genes selected for transcript profiling in this study included the lipogenic enzymes and 
transcription regulators phosphoenolpyruvate carboxykinase 1 (soluble) (PCK1), fatty acid 
synthase (FASN), stearoyl-CoA desaturase (SCD), diacylglycerol O-acyltransferase 2 (DGAT2), 
MLX interacting protein-like (MLXIPL), , THRSP thyroid hormone responsive  (THRSP), and 
sterol regulatory element binding transcription factor 1 (SREBF1); the adipogenic regulators 
peroxisome proliferator-activated receptor gamma  (PPARG) and wingless-type MMTV 
integration site family, member 10B  (WNT10B); the lipid-droplet associated proteins perilipin 2 
(PLIN2 or ADFP), abhydrolase domain containing 5 (ABDH5 or CGI-58), and caveolin 1 
(CAV1); the lipolytic enzymes hormone-sensitive lipase (LIPE), “adipose triglyceride lipase” 
(PNPLA2), and monoglyceride lipase (MGLL); the cAMP hydrolytic enzymes 
phosphodiesterase A and B  (PDE3A, PDE3B); the lipolytic receptors adrenergic, beta-2-
receptor (ADRB2) and growth hormone receptor (GHR); the intracellular energy sensors AMP-
activated protein kinase, alpha 1 and 2 (PRKAA1, PRKAA2); the deacetylase  sirtuin 1 (SIRT1); 
the insulin signaling components v-akt murine thymoma viral oncogene homolog 1 (AKT1), 
insulin receptor (INSR), and forkhead box O1 (FOXO1); and the adipokines adiponectin 
(ADIPOQ) and tumor necrosis factor-alpha (TNF). Primers were designed using Primer Express 
3.0 with minimum amplicon size of 80 bp (when possible amplicons of 100-150 bp were chosen) 
and limited 3’ G+C (Applied Biosystems, CA). Primers were aligned against publicly available 
databases using BLASTN at NCBI and UCSC’s Cow (Bos taurus) Genome Browser Gateway. 
Prior to qPCR, primers were tested in a 20 µL PCR reaction using the same protocol described 
for qPCR except for the final dissociation protocol. For primer testing we used a universal 
reference cDNA (RNA mixture from 5 different bovine tissues) to ensure identification of 
desired genes. Five µL of the PCR product were run in a 2% agarose gel stained with ethidium 
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bromide (2 µL). The remaining 15 µL were cleaned using QIAquick® PCR Purification Kit 
(QIAGEN) and sequenced at the Core DNA Sequencing Facility of the Roy J. Carver 
Biotechnology Center at the University of Illinois, Urbana-Champaign. Only those primers that 
did not present primer-dimer, a single band at the expected size in the gel, and had the right 
amplification product (verified by sequencing) were used for qPCR. The accuracy of a primer 
pair also was evaluated by the presence of a unique peak during the dissociation step at the end 
of qPCR.  
Efficiency of PCR amplification for each gene was calculated using the standard curve 
method [E = 10(-1/slope)] (Table 3.2). mRNA abundance among measured genes was calculated 
as previously reported (Bionaz and Loor 2011), using the inverse of PCR efficiency raised to 
∆Ct (gene abundance = 1/E∆Ct, where ∆Ct = Ct sample - geometric mean Ct of 3 internal 
control genes; Table 4). The mRNA abundance relative to ACTB for each transcript measured 
was calculated using the ratio of median ∆Ct of the gene/median ∆Ct of ACTB. The ACTB 
transcript is a gene with a medium-low expression in bovine adipose tissue-Ct ca. 23.86. Use of 
this technique for estimating relative mRNA abundance among genes was necessary because 
relative mRNA quantification was performed using a standard curve (made from a mixture of 
RNA) which precluded a direct comparison among genes. Together, use of Ct values corrected 
for the efficiency of amplification plus internal control genes as baseline overcome this 
limitation. The overall relative mRNA abundance relative to ACTB (Figure 3.4).  
Statistical analysis 
Gene expression data normalized by ICG were log-2 transformed prior to statistical 
analysis. A repeated measures model was fitted to gene expression and performance data using 
  68 
 
Proc MIXED in SAS (SAS Institute, Inc., Cary, NC).  The model consisted of time, genetic merit 
(HGM, LGM), and time × genetic merit interaction as fixed effects, as well as cow (genetic 
merit) as the random effect.  An autoregressive covariate structure was used. All means were 
compared using the PDIFF statement of SAS. Statistical significance was declared at P < 0.10 
and tendency at P = 0.15.  
RESULTS 
Feed intake and milk production 
           Dry matter intake (DMI) 3 wk before to 7 wk after relative to parturition, and milk 
production up to 8 wk after parturition are shown in Figure 3.1. Our results showed that DMI 
was not affected (genetic merit × day P = 0.52) by genetic merit throughout the study (17.66 ± 
1.46 vs. 17.75 ± 1.34 kg, for HGM and LGM). As expected, DMI was affected by time (P < 
0.001) with both groups of cows increasing DMI gradually through parturition (13.83± 1.46 vs. 
19.37 ± 1.34 kg, prepartum vs. postpartum). After calving, no apparent increase in DMI was 
observed through the first wk but DMI gradually increased through ca. 8 wk postpartum. Milk 
production by HGM cows tended (genetic merit × day P = 0.15) to produce ~25% more milk 
after 6 wk postpartum (Figure 3.1B). Milk production increased (P < 0.001) as lactation 
progressed.   
Blood metabolites   
             Serum glucose and NEFA concentrations 3 wk before through 8 wk after parturition are 
shown in Figure 3.2. Our results showed no significant differences (genetic merit × day P = 0.74) 
in blood glucose concentration between groups (Figure 3.2A). Overall, no significant interaction 
was observed for blood NEFA, but at the time of parturition NEFA concentration was at the 
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highest level for both groups (0.48 ± 0.27 vs. 0.74 ± 0.25 mEq/L, for HGM and LGM) and then 
gradually decreased to a level (0.32 ± 0.25 vs. 0.24 ± 0.23 mEq/L, for HGM and LGM) similar 
to the prepartal period (Figure 3.2B).  
In vitro adipose lipogenesis and lipolysis 
           Rate of adipose lipogenesis and lipolysis 3 wk before through 4 wk after parturition are 
shown in Figure 3.3. Our results indicated that there was an interaction (genetic merit × day P < 
0.01) on the rate of overall lipogenesis (Figure 3.3A). Three wk before parturition, lipogenesis 
did not differ (P > 0.10) between groups but one wk after parturition the overall rate of 
lipogenesis (i.e. across all concentrations evaluated) was markedly greater in HGM vs. LGM 
cows. The rate of lipogenesis with 2 mM of acetate (i.e. physiological concentration) did not 
differ (P > 0.10) due to genetic merit, time or their interaction (Figure 3.3A).  
 Basal lipolysis differed (P = 0.09) due to the interaction of genetic merit × day, i.e. HGM 
cows had greater (P < 0.10) rates around parturition to wk 1 postpartum and then gradually 
decreased by 28 d (Figure 3B). Interaction (Genetic × Day) effect was observed on rate of basal 
lipolysis but rate of stimulated lipolysis was not differed significantly (P > 0.10) (Figure 3.3B).  
mRNA expression of genes in adipose tissue 
              The mRNA abundance of target genes that control lipogenesis and lipolysis in adipose 
tissue relative to ACTB is shown in Figure 3.4. Overall, a coordinated behavior with a significant 
interaction (Genetic × Day; P<0.10) was observed for the expression of the lipogenic genes 
PCK1, FASN, SCD, DGAT2, PPARG, WNT10B, and SREBF1. Cows in the HGM group had 
lower expression than LGM at all the postpartal time points (Figure 3.5-3.6). Expression of 
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MLXIPL (P = 0.32) and THRSP (P = 0.19) did not differ. Prior to parturition, the expression of 
lipogenic genes was similar in both groups of cows. 
          The expression of three key enzymes (LIPE, PNPLA2, MGLL) and the adrenergic 
receptor (ADRB2) that control lipolysis also followed a coordinated behavior with a decrease 
after parturition (P < 0.10) in both group of cows (Figure 3.7). A tendency for an interaction 
(Genetic × Day; P = 0.13) was found for PNPLA2 expression. The adipocyte lipid droplet 
proteins ADFP and ABHD5 had greater (Genetic × Day; P < 0.10) mRNA in HGM cows due to 
greater expression prepartumin HGM vs. LGM (Figure 3.7). The expression of ADFP gradually 
increased but ABHD5 decreased in LGM cows after parturition.  
          The expression of INSR decreased (P < 0.10) but AKT1 increased gradually (P < 0.10) 
across the peripartal period in both group of cows (Figure 3.6). The expression of the catalytic 
subunits of AMPK (PRKAA1 and PRKAA2) also had an interaction (P < 0.10) (Figure 3.8), i.e. 
the mRNA expression of PRKAA1 was greater after parturition in HGM cows at 7 d and then 
decreased gradually through 28 d in both group of cows but the level of expression was lower in 
LGM vs. HGM at both time points. At 56 d after parturition, the expression increased in LGM 
cows but remained stable in HGM cows. A decrease in expression of PRKAA2 was observed in 
HGM cows at 7 d, and it remained constant thereafter; however, PRKAA2 expression in LGM 
cows remained higher at -21 d and 7 d then decreased at 28 d followed by another increase at 56 
d after parturition. 
The mRNA of the antilipolyitic enzyme PDE3A was lower (Genetic × Day; P < 0.10) in 
HGM cows at 28 and 56 d but PDE3B expression decreased gradually between pre and 
postpartum (P < 0.10) in both groups (Figure 3.7). The expression of the transcription factor 
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FOXO1 and SIRT1 (Figure 3.6 and Figure 3.8) had a coordinated response with a gradual 
decrease (P < 0.10) between pre and postpartum periods in both groups. 
             The expression of the growth hormone receptor (GHR), the lipid-droplet related protein 
CAV1 (Figure 3.7), and the adipokine ADIPOQ also decreased gradually during the peripartal 
period (Figure 3.9). The expression of the cytokine TNF was greater (Genetics × time P < 0.10) 
in HGM cows at -21 d and 56 d; however, expression was similar in both groups  at 7 d and 28 d 
(Figure 3.9).  
DISCUSSION 
Adipose tissue can store energy-dense triglycerides (TGs) during periods of high 
nutritional abundance to provide energy during the period of restricted nutrient supply 
(McNamara and Hillers 1989; Vernon and Pond 1997). In early pregnancy, dairy cows can store 
energy in body fat even when energy intake is moderately restricted. It can be used during late 
pregnancy to support fetal growth and the initiation of lactation (Remmers and Delemarre-van de 
Waal 2011). The stored body fats can be utilized as energy source by different organs and to 
provide fatty acids and glycerol for milk fat and lactose synthesis in mammary glands (Roche et 
al. 2009). Genetic merit in dairy cows has been shown to be associated with rates of lipogenesis 
and lipolysis, especially during the transition period of (McNamara et al. 1995). Moreover, milk 
production and feed efficiency are both a function of rate of lipolysis and lipogenesis 
(McNamara et al. 1995). 
The purpose of measuring DMI and milk production was to understand metabolic 
adaptations associated with differences in genetic merit. Genetic merit and energy intake can 
determine the success in transition with high milk yield and milder NEB. In addition, dairy cows 
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of higher genetic merit for milk synthesis have lower rates of lipogenesis (McNamara et al. 
1995). However, lipogenesis is more responsive to diet than lipolysis; whereas lipolysis is a 
function of genetic differences (McNamara 1994).  Despite the low numbers of cows used in the 
statistical analysis (6 per genetic merit group), it was expected that HGM cows would produce 
more milk than LGM. A tendency to produce more milk in HGM cows was observed in this 
subset of cows after 6 wk in lactation. Although there was no significant increase in DMI, it has 
been speculated previously that HGM cows may adapt their metabolism more efficiently to an 
energy deficit so they are able to produce more milk (McNamara 2004).   
               Serum glucose concentration can be an indicator of homeostasis and availability of 
energy in animals (Claret et al. 2007). Blood glucose concentration typically decreases after 
parturition (Drackley 2005), the large variation in concentration we observed was likely 
associated with low biological replication. During the transition period, the high demand of 
energy by the mammary gland for milk production results in greater NEFA mobilization from 
AT and their appearance in blood (Drackley et al. 2001). The patterns we observed around 
parturition are typical of the transition period (Drackley et al. 2001).     
The lack of difference in lipogenesis prepartum between groups, likely reflected the 
parallel relationship between feed intake and rate of lipogenesis, i.e. DMI was similar between 
groups. The overall rates of lipogenesis observed one wk after parturition indicated that HGM 
cows have an inherently greater capacity to utilize substrates (e.g. acetate, glucose, lactate) to 
accrete lipid.  In light of similar DMI postpartum between groups, it could be speculated that 
HGM cows were more efficient at utilizing nutrients for milk production and lipogenesis, i.e. 
they may have been more efficient at overcoming the metabolic stress associated with lactation. 
The decrease in the rate of lipogenesis in HGM cows by 28 d postpartum seemed to correlate 
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with their tendency to produce more milk. McNamara and Valdez (2005) reported that in general 
diet rather than genetic merit, plays a more important role in determining the capacity for 
lipogenesis, which is supported in the present study by the fact that a similar diet was fed to both 
groups of cows throughout the study. . 
              In this experiment, the rates of lipolysis were measured at basal and stimulated levels 
using isoproterenol which is a general beta-2 receptor agonist (Lefkowitz 1974; Drake et al. 
2008). Isoproterenol was utilized to assess the response of adipose tissue to beta-adrenergic 
stimulation, which is known to be a part of control of lipolysis around parturition (McNamara, 
1991). The release of glycerol from adipose TGs is the direct measure of lipolysis because 
adipose tissue does not recycle glycerol (McNamara and Hillers 1986a). Higher rate of lipolysis 
can provide essential nutrients for milk synthesis; fatty acids and glycerol. Fatty acids can be 
esterified into TGs and glycerol can be used as backbone of milk fat in mammary gland. The 
greater basal lipolysis just after the parturition in HGM cows was similar to the response for 
overall lipogenesis, which suggested that those cows also have greater capacity for recycling of 
FFA. Whether greater basal lipolysis is an adaptive mechanism in HGM cows to sustain greater 
milk production during peak lactation is unknown.  
                Alterations in the mRNA expression reflect medium to long-term adaptations in body 
tissues to a changing physiological state (Bionaz and Loor 2011).  It is important to keep in mind 
that most of the lipolysis genes measured in this study are controlled at the post-translational 
level, e.g. by phosphorylation of the protein. Few studies, to our knowledge, have assessed 
simulataenously the mRNA expression of lipogenic and lipolytic genes in bovine AT in the 
peripartal period and beyond.  In comparison to other studies, we evaluated lipogenic enzymes, 
transcription regulators and inhibitor of adipogenesis in two groups of lactating cows differing in 
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genetic merit. Data on lipogenic genes from this experiment can be followed up in the future to 
obtain more comprehensive details of mechanisms of lipid metabolism in AT of dairy cattle. 
              The gradual decrease in expression of lipogenic genes in both groups of cows across the 
transition period clearly underscored a lower level of lipogenesis in the tissue (McNamara, 
1991). . High genetic merit cows had comparatively lower expression of lipogenic genes after 
parturition than LGM. Based on these expression patterns and the similar expression of lipogenic 
genes observed by Sumner-Thomson et al. (2011), HGM cows are more  efficient at producing 
milk at least in part due to reduced transcription capcity, i.e. nutrients are channeled away from 
adipose tissue. The rate of lipogenesis had an interesting relationship with expression of 
lipogenic genes, suggesting progressive metabolic adaptations under physiological stress 
conditions.               
           Phosphoenolpyruvate carboxykinase 1 (PCK1) is a key enzyme for glyceroneogenesis in 
mammary gland and white adipose tissue (Hsieh et al. 2011). An end result of glycerogenesis is 
the increased formation of glycerol-3-phosphate leading to greater esterification in AT (Daval et 
al. 2006).  Fatty acid synthase (FASN) uses malonyl-CoA to initiate a series of elongation 
reactions leading to the formation of palmitic acid (Vernon 1980). After the formation of fatty 
acid, Stearoyl CoA desaturase (SCD) can convert saturated fatty acids (synthesized de novo or 
taken up from the circulation) into unsaturated fatty acid in AT (Ntambi 1999). Diacylglycerol 
O-acyltransferase homolog 2 (DGAT2) is an essential acyltransferase that catalyzes the terminal 
committed step in triacylglycerol synthesis by using diacylglycerol and fatty acyl CoA as 
substrates (Suzuki et al. 2005).            
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The control of these enzymes is closely regulated by several transcription regulators 
(Kersten 2001). Peroxisome proliferator-activated receptor gamma (PPARG) is both important 
and sufficient for adipocyte differentiation (Rosen and Spiegelman 2006). Ligand-activated 
PPARG induces the expression of adipogenic genes by binding PPAR response elements (PPRE) 
(Palmer et al. 1995). Sterol regulatory element binding transcription factor 1 (SREBF1) regulates 
the expression of lipogenic genes including FASN and SCD (Thering et al. 2009). The murine 
SCD contains both SRE (SREBF1 binding site) and a PPRE (Miller and Ntambi 1996). Thyroid 
hormone responsive (THRSP) encodes a nuclear protein that responds to thyroid hormone 
(Kinlaw et al. 1995) and has been associated in transcriptional regulation of the major lipogenic 
genes in mammals (Cunningham et al. 1998). MLX interacting protein-like (MLXIPL) was 
discovered as a transcription factor regulated by a metabolite produced during glucose oxidation 
(Yamashita et al. 2001) and several lipogenic genes contain carbohydrate response elements 
(Ishii et al. 2004). An endogenous factor (WNT10B) is reported in non-ruminants to reduce 
differentiation of adipoblasts and ultimately suppress adipogenesis (Longo et al. 2004).  
            Lipolysis is a complicated multi-step process that includes numerous proteins and their 
activatiors, especially by phosphorylation (Chakrabarti et al. 2011). Receptor-mediated lipolysis 
is controlled by the activation of β-adrenergic receptors that is stimulated by catecholamines. 
Adrenergic receptor beta 2 is the key receptor on bovine AT to activate lipolysis (Sumner and 
McNamara 2007).  Recent evidence has identified a lipolytic enzyme, adipose triglyceride lipase 
(ATGL or PNPLA2), highly expressed in white AT that controls basal and β-adrenergic-
stimulated TGs hydrolysis (Miyoshi et al. 2007; Miyoshi et al. 2008). The PNPLA2 hydrolyzes 
TGs to DGs (Sumner-Thomson et al. 2011) which is the rate limiting step in lipolysis because 
rates are directly proportional to the levels of PNPLA2 protein in adipocytes (Chakrabarti et al. 
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2011). The activation of LIPE is another critical step in the regulation of lipolysis (Koltes and 
Spurlock 2011) because it is a major DGs lipase in adipocytes (Chakrabarti et al. 2011). Data 
from non-ruminant studies have elucidated the importance of MGLL in lipolysis (Karlsson et al. 
2000). This protein is expressed in most cell types where it degrades 2-MG into glycerol and 
fatty acid (Taschler et al. 2011).    
The PNPLA2 is activated upon binding with its activator protein ABHD5 which 
dissociates from perilipin (PLIN2 or ADFP) as a result of phosphorylation induced by β-
adrenergic stimulation (Zechner et al. 2009). The pattern of expression of ADRB2, LIPE, 
PNPLA2, MGLL and ABHD5 during the transition period and through 56 d postpartum revealed 
a coordinated behavior High genetic merit cows do not have only activated 
adipogenesis/lipogenesis but also basal lipolysis as indicated by Ji et al. (2010) in response to 
high energy intake prepartum. Although lipolytic enzymes are regulated by phosphorylation the 
gene expression patterns observed in this experiment seem to suggest a parallel regulation of 
lipolysis both at the transcription and post-translational level.   
Several studies in non-ruminants have demonstrated that the activation of AMP-activated 
protein kinase (AMPK), which is a major sensor of cell energy level, has anti-lipolytic effects in 
adipocytes (Anthony et al. 2009; Wang et al. 2011). AMPK has two catalytic subunits, alpha 1 
and alpha 2 (PRKAA1 and PRKAA2) (Graugnard et al. 2009) whose phosphorylation is required 
for full activation of the AMPK enzyme complex (Canto and Auwerx 2011). The anti-lipolytic 
effect of insulin via INSR reduces the activity of PKA by stimulating PDE3B in an AKT-
dependent manner (Kitamura et al. 1999) increasing catabolism of cytosolic cAMP, hence, 
preventing phosphorylation of PLIN and effectively reverting the dissociation of PLIN and 
ABHD5 (Subramanian et al. 2004). Sirtuin-1 (SIRT1) is an important protein that helps regulate 
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lipid metabolism (Chakrabarti et al. 2011) via controlling the acetylation and functional activity 
of FOXO1 and also the expression of PNPLA2 in adipocytes. Chakrabarti and Kandror (2009) 
showed that SIRT1 activates FOXO1 which then directly binds to the promoter of PNPLA2 to 
control its transcription. Reduction in SIRT1 activity indirectly decreased the rate of lipolysis by 
PNPLA2 expression (Chakrabarti et al. 2011).  
With the above information in mind, it was also interesting that both groups of cows had 
greater mRNA expression of lipolytic genes along with lower level of NEFA and in vitro rates of 
lipolysis before parturition. Regardless of post-translational modification of lipolytic enzymes 
and other proteins, the level of transcription also may affect the magnitude of lipolysis. The 
intracellular ATP level of bovine AT during NEB after parturition may be low enough to 
stimulate AMPK and further reduce lipogenesis, which is an energy-consuming process. 
Activation of AMPK by energy restriction leads to stimulation of SIRT1 which in turn regulates 
PNPLA2 expression via elevated FOXO1 activity (Canto and Auwerx 2011).  
In accordance to mRNA expression of lipolytic genes, Koltes and Spurlock (2011) 
observed lower expression of PNPLA2 protein with no change in LIPE and ABHD5 protein 
expression after parturition. The gradual decrease in expression of INSR and other related 
enzymes (PDE3A, PDE3B) that participate in the inhibition of lipolysis may have been 
associated with the low circulating level of insulin (ref). The greater expression of PRKAA1, a 
catalytic subunit of AMPK, in HGM cows after parturition may have been a mechanism to sense 
the energy status of the adipocyte. In our study, the expression pattern of PNPLA2 was also 
related with the gradual decreasing in expression of PRKAA1, SIRT1 and FOXO1 that depicted 
corresponding activities to control lipolysis.  
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During early lactation the level of circulating growth hormone in blood increases which 
binds to receptors in adipose tissue to enhance its responsiveness to lipolytic signals such as 
epinephrine (Drackley 2005) . Growth hormone signaling via GHR regulates proliferation and 
differentiation in adipocytes but induce lipolysis (Erman et al. 2011). The expression level of 
GHR in our data also decreased gradually as with other lipolytic genes. Caveolin-1 (CAV1) 
protein is part of control system for the formation and utilization of TGs-rich droplets (Cohen et 
al. 2004); however, reduced expression of CAV1 is required for complete activity of LIPE. In 
accordance with previous data (Sumner-Thomson et al., 2011), CAV1 decreased after parturition 
regardless of genetic merit, thus, in early lactation the downregulation of this protein would help 
in the overall process of lipolysis. 
Adipose tissue of non-ruminants secretes several adipokines; e.g. ADIPOQ and TNFα, to 
regulate glucose and lipid metabolism (Kursawe et al. 2010). In response to lower energy, 
adiponectin (ADIPOQ) circulates in blood at high concentration (Hoffstedt et al. 2004), which 
activates AMPK in adipose tissue (Daval et al. 2006). Adiponectin mRNA expression in adipose 
tissue is regulated by TNFα, which inhibits it(Loor et al. 2006). The higher expression of TNFα 
has been observed in insulin resistant, obese non-ruminant animals (Hotamisligil 1999). The 
higher expression of TNF and ADIPOQ at -21 d in HGM could have been a response to 
coordinate the balance of lipolysis and lipogenesis. ADIPOQ gradually decreased from -21 d 
through 56 d relative to parturition to postpartum; whereas, TNF decreased through 21 d and 
then increased at 56 d in HGM cows potentially as a mechanism to control basal lipolysis. To 
understand the molecular role of genes in lipogenesis and lipolysis around the parturition, a 
summary model is shown in figure 10. The process of lipogenesis and lipolysis in adipose tissue 
compete relative to physiological state of lactating dairy cows. Around the parturition, lipolysis 
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increases due to the release of stress hormones such as epinephrine which ultimately decrease the 
process of lipogenesis in adipose tissue. Moreover, high demand of fat and energy for milk 
production in mammary gland also promotes lipolysis and inhibits lipogenesis in adipose tissue.  
CONCLUSIONS 
 Our results indicated that gradually lower expression of lipogenic genes after d 7 of 
parturition was accompanied by lipogensis in adipose tissue of HGM after 1 wk of parturition. In 
contrast, the same relationship was not observed in adipose tissue of LGM cows. However, 
expression of lipolytic genes did not correspond to the observed rate of lipolysis although the 
level of NEFA was greater around parturition irrespective of genetic merit. Lower gene 
expression of lipogenic genes was observed in HGM cows which agreed with previous studies. 
The in vitro rate of lipolysis and expression of lipolytic genes was not coordinated.  
IMPLICATIONS 
The extent of lipolysis and lipogenesis in adipose tissue from pregnancy to lactation may 
help us to understand the contribution of these metabolic pathways in the context of milk 
production as it relates to genetic merit. Future investigation of gene expression and post-
translational modifications may provide further comprehensive insights of lipid metabolism in 
lactating dairy cows. 
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Table 3.1. Ingredients and chemical composition of experimental diets. 
 Energy level 
 Ingredients Dry period Lactation Period 
Feedstuff, % DM   
Alfalfa hay 0 23.57 
Alfalfa haylage 24 25.57 
Grass hay 60 0 
Whole cottonseed 0 7 
DGS 0 5.26 
Concentrate mix 16 38.6 
Concentrate composition   
Corn 76 93 
Soybean meal 11 0 
Peas 8 0 
Limestone 1 1 
Salt (TM w/selenium) 1 1 
Yeast 1 14 
Ammonium oxide 0 2.5 
Magnesium oxide1 0.1 0.6 
Vitamin D premix 0.4 0.1 
Vitamin A premix 0.1 0.05 
Vitamin E premix 0 0.1 
4-Plex2 0.1 0.2 
Sodium bicarbonate  2 0 
Chemical Analysis, % DM   
CP, % 12.4 18.5 
CF, % 2.3 3.8 
   Cfib, % 24.5 18.5 
 NFE, % 50.6 50.0 
ADF, % 26.3 19.6 
NDF, %  37.1 24.2 
Lignin, %  6.9 7.8 
Ca, %  0.99 0.87 
P, %  0.26 0.37 
   Ash, %  10.3 9.2 
NEI, Mcal/kg 1.25 1.42 
 
1Premier Chemicals, LLC, W. Conshohocken, PA 
 
2Zinpro Corp., Eden Prairie, MN 
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Table 3.2.  qPCR performance among the genes measured in adipose tissue 
 
1 The median is calculated considering all time points and all cows. 
2
 The median of ∆Ct is calculated as [Ct gene – geometrical mean of Ct internal 
controls]   for each time point and each steer. 
3 Slope of the standard curve. 
4
 R2 stands for the coefficient of determination of the standard curve. 
5
 Efficiency is calculated as [10(-1 / Slope)]. 
 
 
 
Gene  
Median 
Ct1 
Median 
∆Ct2 
Slope3 (R2)4 Efficiency5 
MLXIPL/CHREBP  19.62 8.81 -3.92 0.97 1.80 
PPARG 18.32 3.69 -3.74 0.99 1.85 
FASN 19.23 0.63 -3.86 0.99 1.82 
DGAT2 22.67 3.74 -3.69 0.99 1.86 
SCD 21.29 2.41 -3.86 0.99 1.81 
THRSP 22.56 2.12 -3.85 0.99 1.82 
WNT10B 25.14 8.49 -3.56 0.99 1.91 
PCK1 24.16 5.26 -3.60 0.98 1.90 
SREBF1 18.79 6.19 -3.83 0.99 1.82 
PDE3A 27.68 5.03 -3.90 0.99 1.80 
PDE3B 264.98 6.09 -3.14 0.99 2.07 
LIPE 21.38 2.47 -3.75 0.99 1.85 
PNPLA2 23.95 5.57 -3.73 0.99 1.85 
ADFP (PLIN2) 24.25 5.37 -3.17 0.99 2.07 
ABHD5 26.17 7.29 -3.06 0.98 2.12 
ADRB2 24.42 5.54 -3.29 0.99 2.01 
INSR 22.22 3.36 -3.40 0.99 1.96 
AKT1 23.67 4.80 -3.28 0.99 2.02 
MGLL 22.97 4.07 -3.38 0.95 1.97 
FOXO1 26.06 7.17 -3.48 0.99 1.94 
ADIPOQ 20.35 1.49 -3.48 0.99 1.94 
SIRT1 24.20 5.26 -3.30 0.99 2.00 
TNF 26.61 7.70 -3.15 0.97 2.07 
GHR 21.30 2.42 -3.52 0.98 1.92 
CAV1 21.82 2.94 -3.26 0.99 2.02 
PRKAA1 25.82 6.93 -3.19 0.99 2.05 
PRKAA2 26.17 7.28 -3.24 0.98 2.03 
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Table 3.3. Gene ID, GenBank accession number, hybridization position, sequence and amplicon 
size of primers for Bos taurus used to analyze gene expression by qPCR.  
 
 
Gene 
ID 
Accession # Gene  Primers1 Primers (5’-3’)2 bp3 
788534 XM_001255565.2 
 
CHREBP F.2529 
R.2619 
CCTGACGGATCCAGACTGTATACC 
AGGGTCTGTCCAGCACTATAAAGATT 
91 
281993 NM_181024 PPARG F.135 
R.235 
CCAAATATCGGTGGGAGTCG 
ACAGCGAAGGGCTCACTCTC 
101 
281152 NM_001012669.1  FASN F.6383 
R.6404 
ACCTCGTGAAGGCTGTGACTCA 
TGAGTCGAGGCCAAGGTCTGAA 
92 
404129 NM_205793.2 DGAT2 F.389 
R.492 
CATGTACACATTCTGCACCGATT 
ACTGTGACCTCCTGCCACCTT 
104 
280924 NM_173959.4 SCD F.665 
R.765 
TCCTGTTGTTGTGCTTCATCC 
GGCATAACGGAATAAGGTGGC 
101 
515940 AY656814 
 
THRSP F.631 
R.781 
CTACCTTCCTCTGAGCACCAGTTC 
ACACACTGACCAGGTGACAGACA 
151 
539337 XM_586498.4 WNT10B F.25 
R.124 
TCAAGCCAGGCAAGTTCGAT 
CATGTCTCTTTGCCTCAGTTTCC 
100 
282855 NM_174737.2 PCK1 F.601 
R.720 
AAGATTGGCATCGAGCTGACA 
GTGGAGGCACTTGACGAACTC 
120 
539361 XM_001790600.1 SREBF1 F.1638 
R.1743 
GTGCTGAGGGCAGAGATGGT 
ACAAAGAGAAGTGCCAAGGAGAA 
106 
536636 XM_002687752.1 PDE3A F.1421 
R.1520 
AAAACCCAGTGATGATGACTCTCA 
GGTCGATTTTGCTTTTTAGCCTTT 
100 
533323 XM_618666.4 PDE3B F. 2235 
R. 2334 
CGTCCTACATGCTGTTTGGTATCT 
AGGGTTAATTGCTGTTTCATTTCC 
100 
286879 EF140760.1 LIPE F.1674 
R.1779 
TCAGTGTCCAAGACAGAGCCAAT 
CATGCAGCTTCAGGCTTTTG 
106 
508493 NM_001046005.1 
 
PNPLA2 F.765 
R.866 
CACCAGCATCCAGTTCAACCT 
CTGTAGCCCTGTTTGCACATCT 
102 
280981 NM_173980.2 ADFP F. 1601 
R. 1701 
TTTATGGCCTCATGCTTTTGC 
CTCAGAGCAGACCCCAATTCA 
101 
535588 NM_001076063.1 ABHD5 F.1141 
R.1240 
CTGCAGATGATGTGGGAAAGC 
GACTGCCTGGTTCTCGTGTCA 
100 
408017 XM_002688832.1 INSR F.245 
R.328 
CCCTTCGAGAAAGTGGTGAACA 
AGCCTGAAGCTCGATGCGATAG 
84 
280991 NM_173986.2 AKT1 F. 864 
R. 963 
GGATTACCTGCACTCGGAAAAG 
TCCGAAGTCGGTGATCTTGAT 
100 
505290 XM_581556.4 MGLL F.2 
R.138 
GCAACCAGCTGCTCAACAC 
AGCGTCTTGTCCTGGCTCTT 
137 
506618 XM_583090.4 FOXO1 F.716 
R.820 
GCTCCTGGTGGATGCTCAAT 
GGCCTCGGCTCTTAGCAAAT 
105 
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Table 3.3. (continued) Gene ID, GenBank accession number, hybridization position, sequence 
and amplicon size of primers for Bos taurus used to analyze gene expression by qPCR.  
 
1
 Primer direction (F – forward; R – reverse) and hybridization position on the sequence. 
2
 Exon-exon junctions are underlined. 
   3
 Amplicon size in base pair (bp). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Gene 
ID 
Accession # Gene  Primers1 Primers (5’-3’)2 bp3 
282865 BC140488 ADIPOQ F.211 
R.319 
GATCCAGGTCTTGTTGGTCCTAA 
GAGCGGTATACATAGGCACTTTCTC 
109 
613629 XM_864818  
 
SIRT1 F. 1074 
R. 1176 
TCATGGTTCCTTTGCAACAGC 
AGGACATCGAGGAACCACCTG 
103 
280943 EU276079.1 TNF F. 438 
R.537 
TCTCAAGCCTCAAGTAACAAGCC 
CCATGAGGGCATTGGCATAC  
100 
280805 NM_176608.1 GHR F.1350 
R.1459 
CTAGCCAGCAGCCCAGTGTTA 
TGGATTGCTGAGCTGTGTATGG 
110 
281040 NM_174004.3 CAV1 F.446 
R.545 
GGCAGTTGTACCATGCATTAAGAG 
CTCAAACAGCGGGTCACAGAA 
100 
540404 NM_001109802.1 PRKAA1 F.524 
R.624 
GGCATTTGGGAATTAGAAGTCAA 
CGGGTTTACAACCTTCCATTCA 
101 
538954 NM_001205605.1 PRKAA2 F.236 
R.352 
GGATGGCTAGCAACCAAGATG 
CCTCCCCTGATCACCTTTGTCT 
117 
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Table 3.4.  Sequences of probes amplified from corresponding primers after BLAST with NCBI.   
Gene  Sequence 
MLXIPL/
CHREBP 
CGAGCCGGGCGGTCACAGAGGCACCCTTGGCAATCTTTATAGTGCTGGA
CAGACCCCTTGA 
PPARG TAGACCAAATATCGGTGGGAGTCGTGGCAAATCCCTGTTCGTTCGACCG
AGCTGTGAGTGAAACTCTGGGAGAT 
FASN GCGAGACGTCTAGGTGTACGGGTGCCAGTCACGGATGCCCAGGATGTGA
GTCACAGCCTTCAACGAGGTAAG 
DGAT2 GTCGTCGGTCCTTCTTCCCGTGCGTGGTTTGACTGGAACACACCCCCAAG
AAAGGTGGGCAGGAGGTCACAGTAATA 
SCD AGACTGTGCATGGTATCTGTGGGATGAAACGTTTCAAAACAGCCTGTTTT
TTGCCACCTTATTCCGTATATAGCCAG 
THRSP CGTCATCTGCTCCGTTAGGCTGCCTGCTGCTGTTCACAACTCCTCACTCCT
CTTACTAGCTTGGGGTCGGAAGCCAGTGATTCATGAGGGACCACATGTC
TGTCACCTGGTCAGTGTGTA 
WNT10B CTCTTTTTGGTCAGGCACCTTCCAGTCACTCAGCTATCGGTGGGGGAAAC
TGAGGCAAAGAGACATGATTTTTG 
PCK1 GCCATGTGTACAGCAGTCGCATCATGACGAGGATGGGCACCAGCGTCCT
GGAAGCGCTGGGGGACGGCGAGTTCGTCAAGTGCCTCCACAAA 
SREBF1 CAGTCCTGTCGGCTTGTGGCAGTGGAGGGAGCACAGATGTGCCCATGGA
GGGCATGAAGCCAGAGGTGGATCGACAA 
PDE3A ATCTTCATTCATCCTACGACGTTTTCTGCCTCTAACCATGTAAAGGGCTA
AAAAGCAAAATCGACCAA 
PDE3B GCAGCATTCGTGGCCTACAGGAGATCCACAGTGATCATGGAGCAGGAAA
TGAAACAGCAATTAACCCTAACA 
LIPE AGCAGCCCTGACCCGGCCGGAGGGCTCACTGGGAACCGACTCCCTCAAA
AGCCTGAAGCTGCATGAA 
PNPLA2 GCCTCGCCTTCAGGCCTGTTCCGCCCGAGCCCTGGTCTTCGAGAGATGTG
CAAACAGGGCTACAGAACCC 
ADFP 
(PLIN2) 
ACGTGCGTCGTCGTTCGTATAAAACACCTTCATGTAGGCTGTTGTATGAA
TTGGGGTCCGCTCTGAGAC 
ABHD5 CGTCCACCTCTCGCGTATTACCGCTCTGGGACGCAGAGTAAGGGAATCT
GACACGAGAACCAGGCAGTTAA 
INSR AGCTGCGGTCTATCTCCGGCCTGCGTCACTTTACTGGCTATCGCATCGAG
CTATCAGGCTACG 
AKT1 GTGTTGGACTCAGCGTGGACCTCATGCTGGACAAGGGACGGGCACATCA
AGATCACCGACCTTTCGGAAAA 
MGLL GCTGGAGGCGCTGCCAGCTGAGCTGCCCTTCCTGCTGCTGCAGGGCTCTG
CCGACCGCCTCTGTAACAGCAGGGGCGCCTACCTGCTCATGGAGTCAGC
CAAGAGCCAGGACAAGACGCTAAT 
FOXO1 GAGGAGAGTGATCCCCCGGAGAGAGCCGCATCCATGGACAACAACAGT
AAATTTGCTAAGAGCCGAGGCCAAA 
 
 
  94 
 
Table 3.4. (continued) Sequences of probes amplified from corresponding primers after BLAST 
with NCBI.   
Gene  Sequence 
ADIPOQ ACGCCCTTGCACTCCTTTGCAGAGAAAGGGATGCAGGTCTTCTTGGTCCT
AAGGGTGAGACAGGAGATGTTGG 
SIRT1 TGGTTCCTTTGCAACAGCATCCTGATTTGTAAAAGTTGACTGTGAAGCTG
TACGAGGAGATATTTTTAATCACGT 
TNF CTCTGGTTTTGTGGGCCCAGGACCCCTCACACTCAGGAATCAATCTTTCC
TCAAAATTC 
GHR CGATACAACAGACACTTCTCATGTGGTGACTGAGTCAACTCATCAAGCT
GTCCATACACAGCTCAGCAATCCAAAAAT 
CAV1 CGTAGTGAATAGGTCATCAGCCGGTTCTATTCCATCTACGGTCCACACCT
TCTGTGACCCGCCCTGTTTGAAGAA 
PRKAA1 AACCGCCAGTCATACTATGGCAGAGTTTGTAGAGCAATTAAACAGCTGG
ATTATGAATGGAAGGTTGTAACACCACGAC 
PRKAA2 CTAGAGACCGAGAGATTCAAACTAAGCCCATCAGCCACTAAGGATCAAA
CAATAAACAAAGACCAATAGGTGATCAGGGGAGGAT 
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Figure 3.1. Production data from lactating dairy cows of high genetic merit (HGM) and low 
genetic merit (LGM) A) Dry matter intake is presented in kg and was affected by time (P < 
0.001) B) Milk production is presented in kg and was affected by time (P < 0.001) and had 
tendency (P = 0.15) with interaction (genetics × day).  
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Figure 3.2. Blood metabolites data from lactating dairy cows of high genetic merit (HGM) 
and low genetic merit (LGM) A) Blood glucose is presented in mg/dl and was not 
significantly affected by interaction (P = 0. 74)  or time B) Blood non-esterified fatty acids 
(NEFA) is presented in mEq/L and was affected by time (P = 0.05). 
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Figure 3.3. A) Lipogenesis rate in AT from lactating dairy cows of high genetic merit (HGM) 
and low genetic merit (LGM). Overall lipogenesis is the average obtained with 0.5, 1, 2, 4, and 8 
mM acetate. Significant interaction (genetic×day P < 0.01) was observed in overall lipogenesis 
but no significant interaction was observed with 2 mM acetate lipogenesis. a-b genetics×day (P < 
0.10). B) Rate of lipolysis in AT from lactating dairy cows of high genetic merit (HGM) and low 
genetic merit (LGM). Basal lipolysis was significantly affected by interaction genetics×day (P = 
0.09). Stimulated lipolysis is the average obtained with 10-8,10-7, 10-6, 10-5, and 10-4 M 
isoproterenol. a-b genetics × day (P < 0.10). 
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Figure 3.4. mRNA abundance of lipogenic and lipolytic genes relative to ACTB.   
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Figure 3.5. mRNA expression (log2-scale; mean ± SEM) of lipogenic enzymes and transcription 
regulators in adipose tissue of lactating dairy cows of high genetic merit (HGM) and low genetic 
merit (LGM). a-b indicate differences due to the main effect of time (P <0.10); * indicate an 
interaction effect (diet × time P < 0.10) at the specific time point. 
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Figure 3.6. mRNA expression (log2-scale; mean ± SEM) of lipogenic transcription regulators 
and enzymes in adipose tissue of lactating dairy cows of high genetic merit (HGM) and low 
genetic merit (LGM). a-b indicate differences due to the main effect of time (P <0.10); * indicate 
an interaction effect (diet × time P < 0.10) at the specific time point; # indicates tendency of 
interaction (P = 0.13). 
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Figure 3.7. mRNA expression (log2-scale; mean ± SEM) of classical lipolytic enzymes and 
proteins in adipose tissue of lactating dairy cows of high genetic merit (HGM) and low genetic 
merit (LGM). a-b indicate differences due to the main effect of time (P <0.10); * indicate an 
interaction effect (diet × time P < 0.10) at the specific time point; # indicates tendency of 
interaction (P = 0.13). 
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Figure 3.8. mRNA expression (log2-scale; mean ± SEM) of genes that control lipolysis in 
adipose tissue of lactating dairy cows of high genetic merit (HGM) and low genetic merit 
(LGM). a-b indicate differences due to the main effect of time (P <0.10); * indicate an interaction 
effect (diet × time P < 0.10) at the specific time point. 
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Figure 3.9. mRNA expression (log2-scale; mean ± SEM) of factors in adipose tissue of lactating 
dairy cows of high genetic merit (HGM) and low genetic merit (LGM). a-b indicate differences 
due to the main effect of time (P <0.10); * indicate an interaction effect (diet × time P < 0.10) at 
the specific time point. 
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Figure 3.10. Process of lipogenesis and lipolysis in adipose tissue of dairy cows around the 
parturition. Before parturition, high level of glucose mediates the release of circulating insulin 
which results into down-regulation of stress hormones. Insulin enhances the uptake of glucose 
into adipose tissue which senses increased level of cellular energy and promotes lipogenesis. 
After parturition, stress hormones activate β-adrenergic receptor that stimulates the production of 
cAMP via adenylyl cyclase to trigger lipolysis on lipid droplets. Protein kinase A activates the 
binding of perilipin to LIPE. Moreover, PNPLA2 binds to ABHD5 to catalyze TAG to DAG 
then DAG hydrolyzes by LIPE into MAG which is the substrate for MGLL and there is a release 
of NEFA and glycerol into the blood. The increasing level of NEFA in blood blunts insulin 
signaling and partially decreases lipogenesis. In this experiment, there was no significant 
difference in lipogenesis and lipolysis before parturition but after parturition comparative rate of 
lipogenesis and lipolysis was affected; lipogenesis was lower but lipolysis was greater in HGM 
cows. Gene expression of proteins measured in this experiment is presented by pink color and 
dotted circles show significantly affected gene expression of proteins.          
 
